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ABSTRACT 
Sulfur can be recovered from calcium sulfate by reductive 
decomposition near 2200°P. The main reaction involves partial 
reduction of the sulfate with carbon monoxide or hydrogen 
followed by liberation of sulfur dioxide which leaves sulfur 
free lime. Some fundamental aspects of the reaction mech­
anism were Investigated. 
Adsorption of sulfur dioxide, carbon dioxide, carbon 
monoxide, hydrogen, and oxygen on the surfaces of calcium 
sulfate, calcium sulfide, and calcium oxide was studied up 
to 2200°?. The adsorption apparatus was similar to a con­
ventional gas chromâtograph. The amount adsorbed at the peak 
pressure was calculated from the retention time of the leading 
chromatographic edge after subtraeting the retention time of 
an inert sample. The lower limit of detection of adsorption 
was about 10"^^ moles per gram of adsorbent at a pressure of 
0.1 mm Hg. Only the adsorption of sulfur dioxide and carbon 
dioxide was significant up to 2200°P. Adsorption of butane 
at 75°F was used to estimate the surface areas which were 
usually 0.2 to 1 m /g. The chromatographic apparatus was 
also used to measure the equilibrium pressures of sulfur 
dioxide and carbon dioxide above calcium oxide. 
An examination of adsorption isotherm equations^ showed 
that several widely used equations can be reduced to one 
V 
generalized equation which can be used for correlation by it­
self or as a guide to the selection of one of the other iso­
therm equations. The Chakravarti-Dhar equation was actually 
used to correlate experimental adsorption data. 
High temperature X-ray diffraction was used to observe 
the calcium sulfite transformation to a calcium sulfate-sulfide 
mixture near 1250°F. and the polymorphic a-P transformation of 
insoluble anhydrite near 2170°P. The high temperature a-cal-
cium sulfate structure appeared to be more symmetrical and 
more dense than the low temperature P-calcium sulfate. Dif­
fraction patterns of both crystalline forms near 2200°F are 
reported. A theoretical discussion on polymorphism suggests 
that the p-calcium sulfate could be favored by the presence of 
impurities and the a-calcium sulfate could be favored by 
partial decomposition. 
A reaction mechanism was proposed for the gaseous reduc­
tive decomposition of solids which includes diffusion, ad­
sorption, surface reactions, and desorption of the gaseous 
components and also nucleation and growth of the crystalline 
product. A gross oversimplification of the proposed reduc­
tive decomposition mechanism of calcium sulfate at 2200°P is 
that it involves the react ant s (CO and CaSOj^), the products 
(CaO, COg, and SOg), and one main intermediate (CaO-SOg) 
which is sulfur dioxide adsorbed on calcium oxide. The 
intermediate can be reduced further to elemental sulfur and 
vi 
calcium sulfide. Supposedly the initial rate of decomposition 
is controlled by the direct desorption of sulfur dioxide and 
the formation of calcium oxide nuclei in the presence of 
low concentrations of carbon monoxide and sulfur dioxide. 
The rate of decomposition increases autocatalytically after 
calcium oxide nuclei are formed supposedly because of growth 
of oxide nuclei and rapid desorption of sulfur dioxide and 
carbon dioxide on the surface of oxide nuclei. 
1 
INTRODUCTION 
Gypsum and anhydrite are abundant In many countries and 
may become an important source of sulfur in the future. Over 
the last ten years the world demand for sulfur has nearly 
doubled (37). Most of the increase in demand has been met 
by the discovery of Mexican Prasch sulfur deposits and a 
rapidly Increasing supply of sulfur from Canadian and French 
petroleum industries. But,, the increases from petroleum 
supplies have now leveled off and a world wide sulfur 
shortage is being experienced in 1966 (38). One study of 
the sulfur supply has indicated that the known reserves of 
elemental sulfur and sulfur recoverable from petroleum would 
fall 175 million tons short of the demand through the year 
2000 (7). This means that other sources of sulfur have to 
be tapped. 
Sulfur is recovered from anhydrite in Europe and Great 
Britain by high temperature calcination to produce sulfur 
dioxide and cement. Sand and clay are added to the anhy­
drite as slagging agents so that one ton of Portland cement 
is produced for every ton of sulfuric acid that is produced 
from the sulfur dioxide. High shipping costs limit the 
feasibility of such a process in the United States, so a 
more economical process is being studied for the production 
of sulfur dioxide and agricultural-grade lime from gypsum and 
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anhydrite. The proposed process involves the high tempera­
ture reaction between calcium sulfate and a reducing gas 
(hydrogen or carbon monoxide) for subsequent liberation of 
sulfur dioxide and sulfur-free lime. Wheelock (42, 4-3, 44-, 
^5) found that the reductive decomposition of calcium sul­
fate is both thermodynamically and kinetically feasible near 
2200 °P. Several investigators have studied the reaction in 
small pilot plant reactors at Iowa State University (3, 30, 
36, k2) and others have made a similar study at the United 
States Bureau of Mines (32). 
The reductive decomposition of calcium sulfate is 
affected by temperature, particle size, gas composition, gas 
flow rates and time of reaction. The desired reaction 
produces calcium oxide and sulfur dioxide but the same re-
actants can produce calcium sulfide and elemental sulfur. 
The effect of operating variables on the reactions is complex 
and sometimes unexpected as shown by Wheelock (42). For ex­
ample, the rate of the principal reaction goes through a 
maximum near 2200 °P and a higher or lower temperature will 
reduce the reaction rate. Also there is an induction period 
,in-the decomposition reaction which is affected by the con­
centration of sulfur dioxide. But, after the induction period, 
the reaction appears autocatalytic in nature where the more 
rapid rate of reaction is not appreciably affected by sulfur 
dioxide. 
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. The present study was concerned with some of the funda­
mental aspects of the reaction mechanism of the reductive 
decomposition of calcium sulfate. The reaction is a 
heterogeneous gas-solid reaction so it involves diffusion, 
adsorption, desorption and surface reactions. But, the 
solid is one of the reactants so the surface changes as the 
reaction proceeds. This change involves solid-solid inter­
faces, changes in crystal- structure, metastable structures, 
nucleation, grain growth and polymorphic transformations. 
The objective of the first and largest portion of this 
investigation was to measure the high temperature adsorption 
of the reactant and product gases on the reactant and product 
solids. The problem of measuring low values of adsorption 
at high temperatures led to the development and use of a 
pulse flow chromatographic method. The adsorption of butane, 
at room temperature was used to estimate the surface area. 
Then adsorption of other gases was studied at higher tempera­
tures by placing the adsorption column in a constant tempera­
ture furnace. 
The objective of the second portion of this Investiga­
tion was to use high temperature X-ray diffraction to observe: 
1) the solid transformation of calcium sulfite to a sulfide-
sulfate mixture and 2) the a-P polymorphic transformation of 
insoluble anhydrite. 
4 
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The objective of the third portion of this investigation 
was to make a preliminary test of the use of a flow reactor 
and gas chromatography analysis to study the thermal and 
reductive decomposition of calcium sulfate near equilibrium 
conditions. 
The results of these experimental studies were used in 
conjunction with the kinetic data obtained by Wheelock (42) 
to hypothesize a reaction mechanism and suggest the rate 
controlling steps. Conclusions drawn from these, studies 
should provide a basis for optimizing the decomposition of 
calcium sulfate. 
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LITERATURE REVIEW 
The recovery of sulfur from calcium sulfate has been 
approached in many different ways. Most of the processes 
that have been studied have been reviewed by Bollen (3) 
Wheelock (42), and Shibler and Hovey (32). Wheelock (42, 43, 
44, 45) demonstrated that calcium sulfate would react with 
a reducing gas at high temperatures under controlled condi­
tions to produce sulfur dioxide and sulfur-free lime. Sub­
sequent investigations by Strong (36), Robblns (30), and 
Martin et al. (25), have demonstrated the feasibility of 
carrying out such a reaction in a fluldized bed reactor. 
The literature that is available on the reductive de­
composition of gypsum and related kinetic studies can be 
divided into four areas that pertain to the present investi­
gation. They are as follows: 
1. The equilibrium between the crystal structures and 
decomposition pressure of calcium sulfate. 
2. The reactions between the calcium, oxygen, and 
sulfur compounds related to the process. . 
3. The kinetics of the reductive decomposition of 
calcium sulfate and the decomposition of solids 
in general. 
4. The adsorption of vapors on solid surfaces and 
determination of Isotherms by dynamic methods. 
6 
Calcium Sulfate Equilibrium 
The high temperature equilibrium pressure of sulfur 
dioxide and oxygen in contact with calcium sulfate has been 
measured by several investigators using different techniques. 
Generally the values fall on two different curves. Some 
experimentalists show that the decomposition pressure reaches 
6-100 mm Hg over a range of about 1800-2200 whereas others 
show that it reaches 6-100 mm Hg over a range of 2200-2600 °F, 
Figure 1. Marchai (2^) was one who observed the higher 
pressures. Zawadski (46) found the high decomposition 
' • o pressures up to 2210 F but then noticed that the pressure 
dropped to a lower value after 30 hours or more. The lower 
decomposition curve was then observed over a range of 2170 
to 2500 °F. Briner et al. (6) observed a decomposition 
pressure of 1.3 mm Hg with calcium sulfate alone at 1832 °F. 
But the pressure was 11.1 and I5 mm Hg with silica and kaolin 
added respectively. At 2246 °F they found the pressure to be. 
10.5J 42.4, and 6l mm Hg when alone or with silica or kaolin 
respectively. One especially interesting observation was 
made when the reversibility of the reaction was checked with 
silica present at 2246 °F. Upon decomposition, the pressure 
rose to 4o mm Hg after 24 hours of heating. Then to check 
the reverse reaction sulfur dioxide and oxygen were added to 
produce a total pressure over 100 mm Hg. After 24 hours the 
7 
pressure leveled out at 70 mm Hg but soon began to fall again. 
After 72 hours the pressure had only fallen to ^6 mm Hg. 
Tschappat and Piece (4-0) also measured the static equi­
librium pressure of calcium sulfate but found only the lower 
curve. However upon careful examination of their procedure, 
one finds that there was always a significant decomposition 
pressure at I800-I900 °P. They attributed the rise in pressure 
to traces of water vapor and carbonates so they pumped off 
_"3 
all the vapors down to 10" mm Hg. Then upon heating to 
2110 a pressure of 3 mm Hg was observed. Measurements were 
then taken in the range of 2110 °-26oo °P. 
Dewing and Richardson (9) used a dynamic method to 
determine the equilibrium pressure. A mixture of SO^, 0^, 
and Ng was passed through a differential thermal analysis 
apparatus containing a sample of calcium sulfate. The com­
mencement of decomposition was indicated by an endothermic 
deflection of the differential temperature. The thermograms 
for calcium sulfate usually began at about 2000 °P so only 
the low decomposition pressures were noted. 
The appearance of two equilibrium curves tends to cor­
respond with the a-P polymorphic transformation of calcium 
sulfate. Grahmann (13) observed the transition with a 
pétrographie microscope at 2185 °F. He noted an abrupt 
change in interference colors. Newman (28), Gruver (I6), 
West and .Sutton (41), and Dewing and Richardson (9) used 
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Figure 1. Equilibrium decomposition pressure of calcium 
sulfate 
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differential thermal analysis (DTA) and found the transition 
at nearly the same temperature, Table 1. West and Sutton 
referred to the low temperature form as P-insoluble anhydrite 
and the high temperature form as a-insoluble anhydrite. 
Dewing and Richardson always observed the beta to alpha 
transformation before they observed the commencement of 
decomposition at the low decomposition pressure curve. At 
higher temperatures, the a-insoluble anhydrite, or a eutectic 
with calcium oxide, melted at 2460 to 2500 °P (l6, 4l). 
The high pressure equilibrium curve appears to have a 
smaller slope than the low pressure curve in Figure 1. This 
would indicate a smaller endothermic heat of decomposition 
for the beta form than for the alpha form of calcium, sulfate. 
When the decomposition pressures were converted to equilibrium 
constants the heat of decomposition could be calculated, from 
the data. The beta curve indicated a take up of 64.1 kcal/g 
mole and the alpha curve indicated a take up of 98.2 kcal/g 
mole for decomposition. This would imply that the transforma­
tion from 3 to a-calcium sulfate would give an exothermic heat 
of reaction of 34.1 kcal/g mole. On the contrary, experi­
mental DTA measurements show an endothermic heat of trans­
formation from beta to alpha on heating and an exothermic heat 
of transformation from alpha to beta on cooling. 
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Table 1. Transition temperature of calcium sulfate 
Transition temperature, 
Investigator On heating On cooling 
Grahmann 2185 
Dewing & Richardson 2210 + 4-
Newman 2217 2196 
West & Sutton 2237 214-7-2165 
Gruver 2246 2138 
Calcium-Sulfur-Oxygen Reactions 
At high temperatures calcium sulfate will undergo 
thermal decomposition according to Reaction 1 to yield 
calcium oxide, sulfur dioxide, and oxygen. Presumably 
CaSOr = CaO + SOg + 1/2 0^ (1) 
the equilibrium pressure above calcium sulfate is due to this 
reaction. 
In the presence of a reducing gas at 2200 °P, calcium 
sulfate will readily undergo reductive decomposition according 
to Reaction 2. ^However, in the presence of an excess of re­
ducing substance or at lower temperatures, calcium sulfate 
will be reduced to calcium sulfide according to Reaction 3. 
CO(H ) + CaSO^ = CaO + SO^ + C0g(H20) (2) 
11 
4C0(H^) + CaSOj^ = CaS + 4COg(HgO) (3) 
Pechkovskil and Ketov (29) suggest that solid carbon will 
also enter into the gaseous reduction of calcium sulfate 
above 1^00°F by producing carbon monoxide in the presence of 
carbon dioxide according to Reaction 4. Mugg (26) claims that 
C + COg = 2C0 (4) 
elemental sulfur can be produced from calcium sulfate by 
passing carbon dioxide through a bed of gypsum and coke at 
l600 Reaction 5* 
2C + 200 + CaSO^ > CaO + S + CO + 300^ (5) 
In Europe and Great Britain anhydrite is calcined with 
coke and shale to produce sulfur dioxide and a Portland ce­
ment clinker. The coke supposedly reacts with, the anhydrite 
to form calcium sulfide by Reaction 6 and then calcium sulfide 
supposedly reacts with the remaining anhydrite to give lime 
and liberate sulfur dioxide by Reaction 7« The lime product 
then reacts with the slagging agents to produce the cement 
clinker by Reaction 8. (21). 
20 + OaSO^ = CaS + 200^ ' (6) 
CaS + 30aS0r = kCaO + ^SOg (7) 
CaO + SiOg, Al^O^ = Cement clinker (8) 
The reductive decomposition is very complex because of 
the interaction of solid phases as well as the interaction 
12 
between the gaseous and solid phases. 
Pechkovskll and Ketov (29) proposed that calcium sulfate 
is reduced to an intermediate, calcium sulfite, which de­
composes to calcium oxide and sulfur dioxide. Reactions 9 
and 10. Bond (^) studied the reduction of calcium sulfate 
with hydrogen at 1620 °P and found 0.66% sulfite ion by 
quenching the solids after six minutes of reaction time. 
However, in general calcium sulfite is unstable above 1270 °P 
and will transform to a sulfate-sulfide mixture at higher 
temperatures, Reaction 11. Decomposition will usually commence 
at temperatures above 1500 °P. 
CO(Hg) + CaSO^ >CaSO^ + CO^(H^O) (9) 
CaSO« >CaO + SO^ (10) 
4CaS0^ >CaS + 3CaS0^ , (11) 
Bond (4-) also determined the principle solid products 
from the reaction of sulfurous gases with calcium oxide and 
sulfide at 1650 °F. The principal product of sulfur dioxide 
and calcium oxide was calcium sulfate, whereas hydrogen 
sulfide and calcium oxide gave calcium sulfide. Elemental 
sulfur and calcium oxide gave nearly an equal mixture of 
calcium sulfide, sulfite, and sulfate. Sulfur dioxide and 
calcium sulfide also left nearly an equal mixture of sulfide, 
sulfite, and sulfate. Diev et al. (10) used a radiotracer 
technique and found that the sulfur in calcium sulfide is 
13 
completely replaced when it reacts with sulfur dioxide to 
form calcium sulfate and elemental sulfur, Reaction 12. 
CaS* + 2S0 >CaSO^ .+ S*-S (12) 
Kinetics of Decomposition Reactions 
• 
Heterogeneous reactions between gases and solids are of 
great importance in many industrial processes. Their main 
uses are sometimes categorized as either catalytic or non-
catalytic. The latter includes such reactions as combustion 
of solid fuels, metallurgy of ores, and decomposition of 
solids. The theory of reaction rates between gases and 
solids is still in an elementary stage because of the com­
plexity involved. Each solid has its individual characteris­
tics which affect the rate of the reaction and the corres­
ponding kinetic models. The reductive decomposition of 
calcium sulfate is illustrative of this because of its 
peculiar and sometimes unexpected behavior. 
The most extensive study of the kinetics of reductive 
1,:-. 
decomposition of calcium sulfate was that by Wheelock (42, 
4-3, 44, 45) . He followed the progress of decomposition with 
a tubular reactor that he suspended from a weighing balance. 
The effect of each reactor variable was determined by holding 
all of the parameters constant except the one being studied. 
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Then from a series of over 200 runs, Wheelock determined the 
effects of temperature, particle size, flow rate, and the 
concentration of each material in the gas stream. The fol­
lowing is a summary of his observations. 
1. Calcium sulfate thermally decomposed in an inert 
atmosphere but small percentages of the decomposi­
tion products deterred the reaction considerably. 
2. Reductive decomposition proceeded at an appreciable 
rate, even in the presence of sulfur dioxide, when 
a low concentration of reducing gas (carbon monoxide 
or hydrogen) was passed over heated gypsum. 
3. The optimum temperature for reductive decomposition 
was in the range of 2150 ° to 2250 °P. 
4. Formation of calcium sulfide was suppressed by high 
concentrations of carbon dioxide and an absence of 
SOg. 
5. When no sulfur dioxide was present in the feed 
stream with, the reducing gases the initial desulfur-
ization rate was rapid but the rate gradually de­
creased as desulfurization reached completion. 
6. When sulfur dioxide was present in the feed stream 
with the reducing gases, the reaction rate was 
characteristic of an autocatalytic reaction with a 
slow initial rate followed by an increase to a 
maximum when desulfurization was about 50^ complete; 
15 
then the rate decreased as desulfurization reached 
completion. 
Under special conditions the following effects were 
observed: 
a. The maximum desulfurization rate reached a 
peak value between 2150 ° and 2250 where­
as the initial rate continuously increased 
with temperature in that range. 
b. An increase in gas velocity increased the 
maximum desulfurization rate but decreased 
the initial rate. 
G. A reduction in particle size increased the 
maximum desulfurization rate but had no 
apparent effect on the initial rate. 
d. An increase in carbon monoxide concentra­
tion gave a lineal increase in the decompo­
sition rates. 
e. An increase in carbon dioxide concentration 
decreased the maximum desulfurization rate 
slightly but had no apparent effect on the 
initial rate. 
f. The presence of one-half percent sulfur 
dioxide, and increments up to two percent, 
decreased the initial desulfurization rate 
markedly but higher concentrations had 
16 
little additional effect. Sulfur dioxide 
had no apparent effect on the maximum rate. 
Modern theories on gas-solid reactions such as decompo­
sition originated with the work of Langmuir (23). He demon­
strated that the reactions can proceed only at the interface 
between the reactant and product solids. The reaction starts 
with nuclei on the crystal surface and spreads outwards from 
these points. These nuclei usually appear at a sharp corner, 
a crack, or where there is a trace of impurity. However, 
these nuclei build up and create a strain on the original 
crystal lattice, so that after building up to a limited size, 
the small crystal must split off from the reactant crystal. 
After splitting off, the react ant-produc t interface disappears 
and the process begins again at a new nucleus. 
Bretsznajder (5) proposed that the decomposition re­
action rate observed could be proportional to the rate of 
formation of nuclei. He found the rate of formation of 
nuclei as a function of supersaturation where supersaturation 
was the difference between the decomposition pressure and the 
pressure of the gaseous product surrounding the solid. The 
nucleation rate could be correlated with the same theoretical 
equation that has been derived and used for nucleation of a 
liquid droplet by condensation from a supersaturated vapor. 
That is, the logarithm of the nucleation rate was proportional 
to the reciprocal of the square of the logarithm of super-
17 
saturation, Equation 13. However, the rate of growth of 
nuclei at the Interface between solid phases was found to 
log^ : —2 (13) 
° HJ 
A = constant 
r = nucleation rate 
r^ = nucleation rate at P = 0 
p = equilibrium partial pressure of gaseous product 
above solid product 
p = partial pressure of gaseous product in bulk gas 
phase 
be directly proportional to the supersaturation. Thus, 
Bretsznajder proposed that formation and growth of crystal­
line nuclei of the solid product could determine the shape 
of the decomposition rate curve. For example in the extreme 
case where nuclei are readily formed the rate would corre­
spond to a first order dependence on supersaturation. But 
at the other "extreme where product nuclei are formed only at 
high, supersaturation, the decomposition curve would corre­
spond to an aiitocatalytic reaction. In other words, the 
formation of nuclei would take place during an induction 
period.• Then after sufficient nuclei were formed, the re­
action would proceed rapidly at the reactant-product inter­
face . 
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^ Then comes the problem of what condition the solid 
product would be in after the reaction is complete. Hedin 
(19) made a thorough investigation of the quality of lime 
produced from calcium carbonate at different temperatures 
and carbon dioxide pressures. According to current nucleation 
theories the structure of the oxide depends on the temperature 
and rate of decomposition. Hedin found that sintering in­
creased with temperature and that the rate of decomposition 
depended on temperature and supersaturation. If the super-
saturation was high, nucleation was also high and produced 
many small nuclei which could sinter easily. But if the 
supersaturation was low there would be fewer nuclei and they 
would grow to a larger size. Furthermore if the temperature 
was low and there was little sintering, the oxide could remain 
in a mosaic structure consisting of a porous network of small 
crystals. 
One example of a gas-solid reaction that is autocatalytic 
in nature is the reduction of nickel oxide by hydrogen which 
was studied by Bandrowski et al. (2). They proposed that 
Initially the reaction proceeds at a slow rate between nickel 
oxide and hydrogen adsorbed on the nickel oxide surface. As 
the reduction proceeds, the rate is predominated by the more 
rapid reaction between the interfacial nickel oxide and hydro­
gen adsorbed on nickel. The rate then diminished with the 
19 
decrease in interfacial area. A simplified kinetic model 
was used to describe the system, Equation 14, in which the 
r = k^(i-e)p°'^3 + kgCi-e)(e)P°*°^ (i4) 
r = reaction rate 
= reaction rate constant of first reaction 
kg = reaction rate constant of second reaction 
9 = fraction of solid reduced 
P = pressure of hydrogen 
total rate was expressed as the sum of the two rates. The 
surface of the oxide was approximated by the fraction of 
oxide remaining. Similarly the surface of nickel was ap­
proximated by the fraction of the oxide that was reduced. 
The small exponent of pressure for the second reaction 
supposedly indicated that the nickel surface was almost 
completely covered with adsorbed hydrogen at the pressures 
studied. Water vapor (the reaction product) retarded both 
rates about equally. 
The reaction rates reached a maximum around 600°P and 
fell off sharply at higher temperatures. This effect was 
postulated to be caused by a transition in the crystalline 
structure of nickel at this temperature. 
Some decomposition reactions depend solely on the inter-
facial area between the reacted and unreacted solids under 
certain operating conditions. When this occurs the fraction 
20 
of decomposition can be related to time of reaction by Equa­
tion 15. This equation holds for spherical particles 
(l-(l-6)l/3) = kt (15) 
or cylindrical particles with the height equal to the diameter. 
This expression has been used successfully for many systems, 
such as decomposition of limestone (20) and reduction of 
tungsten oxides (1). 
Adsorption 
Adsorption involves an interaction between molecules in 
a fluid and molecules on a surface. The interaction between 
gases and solid surfaces is generally considered to occur in 
two different ways (13). The first, called physical adsorp­
tion, is similar to condensation. The forces attracting the 
gas to the solid surface are weak and the heat released upon 
adsorption is about 1 to 20 kcal/g mole. This attraction, 
frequently called van der Waal's forces, gives rise to ad­
sorption at low temperatures but decreases as the temperature 
is raised. The second type of adsorption, called chemical 
adsorption or chemisorption, involves much stronger bonds 
which are on the same order as chemical bonds. One indication 
of this is the heat of chemical adsorption which is observed 
to be about 10 to 100 kcal/g mole. Also chemical adsorption 
requires a certain activation energy so its rate is low at 
21 
low temperatures but Increases significantly at higher 
temperatures. Consequently, adsorption above the critical 
temperature of a gas is usually considered to be due to 
chemical adsorption. 
The amount of adsorption can be determined by either 
static or dynamic methods. Static methods usually involve 
high vacuum degasification of the solid followed by gravi­
metric or volumetric determination of the amount of gas 
adsorbed. These methods give accurate results but are dif­
ficult to adapt to high temperatures and extremely small 
amounts of adsorption. 
The advent of gas chromatography has led to dynamic 
methods of determining adsorption. Gregg and Stock (15) 
describe the use of step flow chromatography for determining 
an entire adsorption isotherm from the elution curve. Step 
flow chromatography consists of introducing a vapor flow into 
the carrier continuously for a time; then later stopping the 
flow. Generally one front of the chromatogram will be sharp 
and the other one diffuse. Gregg and Stock compared their 
results with static" measurements and determined that essen­
tially instantaneous equilibrium was attained at the diffuse 
edge of the chromatogram. This was verified for all five 
types of isotherms (BET classification). Also nearly all of 
the surface, internal and external reached equilibrium. 
Eberly (11), used this method in his studies and also obtained 
22 
good agreement with static measurements after applying cor­
rections to the chromatogram when the detector response was 
not linear. 
Cremer and Huber (8) attempted to determine the adsorp­
tion isotherm from the diffuse edge of a chromatogram es­
tablished by pulse flow chromatography. Pulse flow chroma­
tography is the conventional type where a single pulse of 
vapor is injected into the carrier gas. Theoretically the 
method of Cremer and Huber would give incorrect values for 
isotherms which produce a sharp adsorption front and a dif­
fuse desorption front. The reason for this is pointed out 
in the next section. 
At constant temperature an equilibrium relationship 
(adsorption isotherm) is established between the pressure 
of the gas and the amount adsorbed on the solid surface. 
Many theories have been proposed as to what actually happens 
and as a result many adsorption isotherm equations have been 
proposed. Generally monomolecular adsorption is considered 
to control in chemical adsorption. The distance between the 
surface and the adsorbed gas must be small to form a chemi­
cal bond and the forces diminish very rapidly with distance. 
On the other hand physical adsorption quite often occurs in 
multilayers. The BET isotherm for multilayer adsorption is 
widely used for physical adsorption of vapors to determine 
surface area (12). Stock (35) used his continuous flow 
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method for determining surface area with nitrogen at -I96 °C. 
Eberly (11) used the adsorption of butane at room temperature 
to determine surface area. He multiplied his values by a 
factor of 1.5 so they would compare with the conventional BET 
measurements. 
Nelson and Eggertsen (27) used a heat desorption tech­
nique with continuous flow chromatography to determine surface 
area. Their method consists of passing a stream of nitrogen 
and helium through the column and a detector continuously. 
When the baseline is established, a bath of liquid nitrogen is 
placed around the column and a peak is recorded due to ad­
sorption of nitrogen. When the cold bath is removed from 
the column, another peak is recorded due to the amount de-
sorbed. The area under the peak is proportional to the amount 
desorbed. 
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DEVELOPMENT OP MATHMATICAL RELATIONSHIPS 
Adsorption In Gas Chromatography 
The determination of adsorption isotherms by dynamic 
methods has become Important because of the ease with which 
these determinations can be made and because the results are 
usually in agreement with static measurements. Quantitative 
relationships between the adsorption Isotherms, Figures 2 and 
5, and chromatograms, Figures 3, 4, 6 and 7» can best be 
visualized by examining step flow chromatography. In this 
type of chromatography a material is introduced suddenly and 
continued uniformly in an inert carrier. The carrier passes 
through a column packed with adsorbent, then through a de­
tector. From the law of conservation of mass, the input 
minus the output must equal the amount accumulated. If the 
material introduced into the carrier is inert, an amount will 
accumulate in the column corresponding to the dead volume. 
If the material is adsorbed on the column packing, the amount 
of material accumulated in the column will be equal to the 
dead volume plus the amount adsorbed. The accumulation gives 
rise to a time delay in the appearance of the material from 
the end of the column. This is shown in Figures 3 and 6 
where the dotted line represents the inert material and the 
solid line represents the adsorbed material. In a similar 
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manner, desorptlon gives rise to a time delay after the flow 
of material into the carrier is stopped. The amount ad­
sorbed, A , and the amount desorbed, A* , at the maximum 
m m 
concentration is equal to the shaded areas between the inert 
and adsorbed chromâtograms, Figures 3 and 6. When adsorption 
is completely reversible the amount adsorbed will be equal to 
the amount desorbed, A_ = A' . The amount adsorbed or de-
m m 
sorbed can be determined by a differential material balance 
around the entire column, Equation l6. Take the case of 
adsorption where the material is introduced and continued 
uniformly into the column. Equation 17a. 
Input - Output = (Accumulation in) + Amount adsorbed 
(dead volume ) (l6) 
p  r V d p  
RT" Pm + SdA (17a) 
g g g 
G = Carrier gas flow rate, constant 
p = Partial pressure of component in effluent stream 
p = Maximum partial pressure of component in carrier 
^ gas, constant 
p = Average partial pressure of component in dead 
^ volume 
t = Time 
V = Dead volume 
o 
S = Weight of adsorbent, constant 
A = Moles adsorbed per gram of adsorbent 
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R = Gas constant 
= Temperature where carrier flow rate is measured 
For convenience choose the following limiting conditions: 
1. Initial condition t = 0 when input step begins, 
P = 0, p^ = 0, A = 0 
2. Steady state conditions p = p^, = p^, A = 
at t = tm 
Then the differential equation can be integrated between the 
limits, Equation 17b. 
The left hand side of Equation 17b can be simplified by sub­
stitution of an integral calculus identity, Equation 18. 
This leads to Equation 19. If the material introduced into 
the column is inert, dA will be zero and the material will 
appear in the column effluent at some time t^. Thus Equation 
19 will reduce to Equation 20 where the average value of t^ 
'®dA (17b) 
(18) 
(19) 
(20) 
t^ = breakthrough time of inert material 
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t. = average "breakthrough time of inert material 
must be constant since the total dead volume, V , is a 
' o 
constant. This expression will give the accumulation in the 
dead volume for any component so it can be substituted into 
Equation 19 which yields the amount adsorbed at the maximum 
pressure, Equation 21. This equation should always be appli­
cable to the step flow system regardless of channeling, dif­
fusion, or adsorption rate effects. The same equation can be 
derived graphically by choosing a differential pressure ele­
ment to integrate the shaded area for in Figures 3 and 6. 
The same equation holds for calculating the amount desorbed. 
The main observation that Gregg and Stock (15) made is 
that essentially instantaneous equilibrium is reached at each 
point along the diffuse edge of a step chromatogram. When that 
is the case. Equation 21 is valid for the entire isotherm from 
p = 0 to p = p^. The diffuse edge of the chromatogram would 
be the desorption edge in a Type I chromatogram, Figure 3, 
and the adsorption edge in a Type III chromatogram, Figure.6. 
In conventional gas chromatography a narrow pulse of 
sample is injected into the carrier gas stream. At the be­
ginning the column contains only the carrier gas and the 
adsorbent so it is obvious that adsorption must occur before 
(21) 
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desorption. Consequently, the retention time of the leading 
edge of the chromâtogram is determined by the amount adsorbed, 
Figures 4- and 7, quite similarily to step flow chromatography. 
But the trailing edge can only follow the appearance of the. 
peak maximum. If an adsorption front was started at the same 
time as a desorption front in identical columns by step flow 
chromatography ; it could be seen that the maximum pressure 
in the adsorption front takes longer to appear than the maxi­
mum pressure remains in the desorption front. Figures 3 and 6. 
Consider the case where the entire column is saturated. When 
the incoming adsorbate is shut off, the desorption edge can 
begin immediately and continue on through the column at a 
rate limited primarily by equilibrium. But when a pulse is 
injected onto an empty column, desorption from a given point 
cannot occur until after adsorption has taken place up to the 
peak maximum. Therefore the adsorption front of a pulse 
chromâtogram holds the trailing edge back so it cannot appear 
at the same time that a desorption edge would from a step 
flow chromatogram. In general, the trailing edge of a pulse 
flow chromatogram would take longer to appear than the de­
sorption edge of a step flow chromatogram. This effect would 
be most important when one edge; either leading or trailing, 
was quite diffuse. This line of reasoning suggests that the 
trailing edge of a pulse flow chromatogram should not be used 
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for adsorption measurements even though Cremer and Huber (8) 
proposed that it could. Conversely, this line of reasoning 
suggests that when pulse flow chromatography Is used; only 
the leading edge should be used for adsorption determinations. 
The main assumption for using a pulse flow method for 
adsorption determinations is that the peak height of the 
chromatogram is established rapidly and does not change 
appreciably as the sample travels through the column. Then 
the amount adsorbed can be determined from the leading edge 
of the chromatogram in the same manner as for a step flow 
chromatogram, Figures 4 and 7. Generally the peak height of 
a pulse will not change sharply through the column if the 
retention time and the column Is short. At short retention 
times diffusion effects, which broaden the peak and lower 
the peak height, will be nominal. Short columns can minimize 
the broadening effect of non-linear Isotherms and the effect 
of pressure drop through the column. The main advantage of 
a pulse flow method over a step flow method is the ease of 
making determinations. Many different adsorbate samples can 
be Injected into a pure carrier gas to study adsorption by 
the pulse method whereas mixtures of the adsorbates In the 
carrier gas are required for the, step flow method. 
In many cases adsorption follows a Type I isotherm. 
Figure 2, so the leading edge of a peak is nearly vertical 
with a symmetrical elongated S shape. Under these clrcum-
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stances the amount adsorbed at the maximum partial pressure 
J 
Is proportional to the retention time of the leading edge at 
50 percent deflection times the maximum partial pressure, 
Equation 22. These retention times are pointed out in Figure 
\ " SET" Pm (22) 
subscript 50 = at deflection 
4. If the leading edge is vertical or has exactly the same 
slope as the Inert peak, the difference in retention time 
between the peak maximums can be used in Equation 22. Some- ' 
times, though, the peak maximum is rounded or flat which makes 
it difficult to get good accuracy. In other cases; such as 
when a Type III isotherm prevails. Figure 5j a series of ' 
retention times must be determined for each point on the 
leading edge of the chromatogram. The amount adsorbed can be 
determined by graphical integration of the values in Equation 
21. 
When chromatograms are obtained for determining adsorp­
tion, the partial pressure of a component passing through the 
detector can^be determined from the pen deflection and 
sensitvity of the detector. Equation 23. If the detector 
p = H X att (23) 
à 
H X att = Height of pen deflection times attenuation 
= Sensitivity of detector 
p = Partial pressure of component passing through 
detector 
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response is linear, its sensitivity will be a constant that 
can be determined from the sample size and peak area under a 
pulse, Equation 24 (8). 
(A X att)(G)(T ) 
^d " (C)(Vg)(Pg)(Tg) (24) 
Ag X att = Area under peak times attenuation 
G = Carrier gas flow rate 
C = Chart speed 
Vg = Volume of pure gas sample 
Pg = Pressure of pure gas sample 
Tg = Temperature of gas sample 
Tg = Temperature where carrier flow rate is measured 
In order, to more fully understand the results of the 
chromatogram it is interesting to examine why a chromatogram 
takes the shape that it does. If the slope of one of the 
chromatogram edges is limited by equilibrium; that slope can 
be calculated from the basic relationship between adsorption 
and chromatograms, Equation 21, if the isotherm is known. 
One convenient example is the Preundlich isotherm, Equation 
25. Over a limited range a Type I isotherm can be represented 
A = Bp 
B and n are constants (25) 
p = partial pressure of adsorbed gas 
by an exponential value of n less than one. A linear iso­
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therm can be represented by a value of n equal to one and a 
Type III isotherm can be represented by a value of n greater 
than one. By combining Equations 21 and 25 one can obtain 
the relationship between retention time and partial pressure, 
Equation 26. The limiting slope of the chromatogram due to 
• i = sir- (t-W (^6)' 
equilibrium is determined by differentiating Equation 26 with 
respect to time, Equation 27. 
dD _ GP^"^ fnr,\ 
dt - (n)(n-l)BSRTg ^^7) 
The appearance of an adsorption edge from a chromatog­
raphy column starts at zero concentration and builds up to a 
maximum concentration. Thus the slope of the adsorption 
edge is positive. On the other hand, desorption starts from 
a maximum concentration and falls to zero concentration. 
Thus the slope of the desorption edge in a chromatogram is 
negative. For a Type I isotherm, o<n<l, the equilibrium 
slope, dp/dt, is negative so only the desorption edge will be 
affected by the equilibrium slope. The slope will increase 
with pressure as shown in the desorption edges of the Type I 
chromatograms, Figures 3 and 4. For a linear isotherm, n = 1, 
the limiting equilibrium slope is infinite. For a Type III 
isotherm, n>l, the equilibrium slope will be positive so the 
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adsorption edge of the chromatogram will be diffuse. In 
general, a Type III isotherm could give three different 
trends in the absorption edge of a chromatogram. In the first 
case where n is between one and two, l<n<2, the slope will 
increase as the pressure increases. In the second case 
where n is equal to two, n = 2, the slope will not change 
with pressure and the adsorption edge will be a straight 
line. In the third case where n is greater than two, n>2, 
the slope of the adsorption edge will decrease as the pres­
sure increases. This third case is the one shown in Figures 
6 and 7» 
It is interesting to note that the limiting slope due to 
equilibrium. Equation 27, changes as the chromatogram travels 
through the column. This is because of the amount of solid 
phase, S, "that the vapor has passed over. Thus, the initial 
equilibrium slope is Infinite but decreases as S increases. 
At extremely high temperatures, high flow rates, or short 
columns, the equilibrium slope may be so high that the shape 
of the peak would be determined solely by diffusion rates, 
adsorption rates, or channeling effects. Thus, the slope of 
a leading or a trailing edge caused by a non-linear isotherm 
could be sharpened by (1) a higher flow rate, Gj (2) a shorter 
column, S; (3) a higher temperature, smaller B; or (4) a more 
linear isotherm, n = 1. 
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When the slope of only one chromatographic edge is 
limited by equilibrium; this would imply that the slope of 
the other edge could not be limited by equilibrium. 
Specifically this would imply that the slope of the ad­
sorption edge of a Type I chromatogram and the desorption 
edge of a Type III chromatogram could not be limited by 
equilibrium. Similarly the slope of neither the adsorption 
^ nor the desorption edge of a chromatogram from a linear 
isotherm could be limited by equilibrium. The slope of the 
chromatogram in these cases will be limited by the rates of 
diffusion, adsorption and desorption, or by the amount of 
channeling that occurs in the adsorption column. When ad­
sorption and desorption rates are rapid and diffusion and 
channeling are minimized; the slope of the chromatographic 
edges not limited by equilibrium will be sharp and nearly 
vertical. Thus both edges of a chromatogram from a linear 
Isotherm could be sharp and nearly vertical. 
For chemical analysis, pulse chromatography peaks are 
used to determine the amount of a component that is present 
in the inlet pulse. If the detector response is a linear 
function of the concentration of the component, the area under 
the peak is directly proportional to the amount of the com­
ponent that is present. Equation 28. When the peaks are 
symmetrical'or Gaussian in shape; the peak height is pro-
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portlonal to the area under the peak as long as the variance 
of the peak remains constant. But even when the variance 
changes, the peak height times the width at half height will 
be proportional to the area under the peak. For a Gâussian 
peak, the peak height times width at half height is equal to 
93.9 percent of the area under the peak. Experience has 
shown that peaks are not always symmetrical and the diffuse 
edge of a peak can be caused by the limiting equilibrium slope. 
A previous line of reasoning suggested that the trailing edge 
of a pulse chromatogram will not appear at the same retention 
time as the desorption edge of a step flow chromatogram. But, 
let us assume that the parameters in the Preundlich isotherm, 
B and n, can be adjusted to describe the diffuse edge of a 
pulse chromatogram by Equation 27. Further, if we assume that 
the other edge of the chromatogram is vertical, the relation­
ship between peak height and sample size can be calculated by 
combining Equation 27 and 28. Then the peak area would be the 
t^ = time when chromatogram starts to appear 
tg = time at end of chromatogram 
area under the equilibrium slope from zero partial pressure 
up to the peak maximum. This leads to the following limits 
of integration; 
(Area under peak) (28 )  
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1. For Type I Isotherm 
P = Pm, t = ti 
p = 0, t = tg 
2. For Type III Isotherm 
p = 0, t = t^ 
P = Pm, t = t 2 
A combination of equations 27 and 28 under these conditions 
gives the relationship between peak height and sample size 
for a Type I isotherm, Equation 29. A linear correlation ; 
could be obtained on a log-log plot and the results should 
be independent of flow rate. Under the same assumptions, the 
peak height times the width at half height would be directly 
proportional to the sample size. This would hold even though 
the isotherm was not linear and produced an unsymmetrical 
peak. This is shown by Equation 30 which is a combination of 
Equations 26 and 29. The values obtained would be inversely 
= (n)(n-l)BSR P^~ ^dp = (1-n)BSEp^ (29) 
(30) 
t(Pm)•= Breakthrough time of vertical leading edge 
t(p /2) = Breakthrough time of diffuse trailing edge 
® at half of peak height 
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proportional to the flow rate the same as the true peak area 
in Equation 28. 
Adsorption Isotherms 
On an active surface there Is a certain space available 
for adsorption to take place but the activity of a surface is 
seldom homogeneously distributed. Adsorption tends to con­
centrate on active areas, such as dislocations and grain 
boundaries, and tends to be dispersed on inactive areas, such 
as poisoned or coated regions. This heterogeneity gives rise 
to non-ideal and sometimes peculiar adsorption Isotherms. 
Other factors which cause non-ideal adsorption Include 
association or dissociation of the adsorbate when it is ad­
sorbed, physical adsorption in multilayers and condensation 
In capillaries. 
Ideal adsorption would occur In a monolayer on a homo­
geneous surface where the activity of the surface would be 
the same at all points. Then adsorption would follow the well 
known Langmuir (23) Isotherm, Equation 31, when only one 
A Kp 
^ " 1 + Kp (31) 
A = Amount adsorbed per unit of solid 
A^ = Monolayer adsorption space per unit of solid 
K = Adsorption equilibrium constant 
p = Partial pressure of adsorbate 
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material was adsorbed. Many other isotherm equations have 
been proposed for adsorption but each one merely allows for 
non-ideal adsorption with a different mathematical scheme. 
Whenever new adsorption data is obtained there is a problem 
of which isotherm equation to use. Generally one tries to 
fit the data to some amenable form of each isotherm equation 
in an attempt to determine which one fits the data best. This 
involves many calculations and' usually adsorption studies do 
not warrant an examination of every isotherm equation. 
The following procedure can be used as a survey to 
determine which one of several widely used isotherm equations 
would be most applicable. They can be reduced to one basic 
differential equation, Equation 32, where B, n, and r are 
constants. The difference between the equations which-allows 
i =^  (32) 
for non-ideal adsorption is the value of the constants r and 
n. This is summarized in Table 2 where the constant B' is 
determined by Equation 33 when n and r are greater" than zero. 
B = AZC- (33) 
gV 
o when n>0 and r>0 
In order to determine which isotherm equation should be used, 
one can calculate a double linear regression of the logarithm 
of the value of the slope of the isotherm times p/A versus the 
logarithm of the pressure and the logarithm of the amount 
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Table 2. Comparison of isotherm equations 
Reference Equation r n n/r 
Langmuir* (23) A 
A^Kp 
l+Kp 1 1 1 
Toth (39) A 
AoKP 
(l+K^p^) 
n posi­
tive 
1 
C hakravarti-Dhar* A 
l+K^p"" 
1 posi­
tive 
posi­
tive 
Sips (33) A posi­
tive 
1 posi­
tive 
Zeise* A 
o
 |t
§H
| 
O 
<
 
II 2 1 0.5 
Prumkin-Slygin* A = B Incp -1 0 0 
Preundlich* A = 
(at low p) 
posi­
tive 
posi­
tive 
posi­
tive 
*Referred to by Emmett (12). 
adsorbed, Equation Jk. If the regression slopes give values 
log f log B + (r)log A - (n)lo'g p (34) 
of r and n near unity the Langmuir isotherm may apply. If r 
and n are not equal to unity but are nearly equal to each 
other the Toth equation may apply. Most any positive value 
of n/r except unity would suggest the Chakravarti-Dhar or 
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Sips equation. A value of n near zero with a negative value 
of r would suggest the Frumkln-Slygln equation. If the ad­
sorption data obeys the Freundllch equation as a straight 
line on a log-log plot; chances are the adsorption covers 
just a fraction of a monolayer or the data only extends over 
a short range of the Isotherm. 
.When one of the Isotherm equations applies, Equation 
3^ can be reduced to a simple linear regression. For example, 
for the Chakravartl-Dahr equation the value of r Is fixed at 
unity so Equation 3^  reduces to Equation 35» In any case 
log dl^ = 1°S ^  + 1°S P (35) 
when the values of r and n are positive; Equation 32 can be 
Integrated to the generalized Isotherm, Equation 36. The 
equilibrium constant and monolayer adsorption space can be 
l/r 
(36) 
K^A. 
KV T 
J+K^p^ 
A = Ag 
determined from experimental data using an amenable form of 
the Isotherm, Equation 37. Experimental values of p^/A^ 
^ ^ (37) 
A? apAr A? 
versus values of p^ should give a straight line. The equi­
librium constant and the monolayer adsorption space can be 
determined from the slope and the intercept of the straight 
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line. Thus, linear regression techniques can be used to 
select an isotherm equation and evaluate the constants from 
experimental adsorption data and the slope of the adsorption 
Isotherm. 
The selection of an isotherm equation may depend upon 
several things, for example ease of application or, goodness 
of fit. The generalized isotherm, Equation 36, would probably 
correlate experimental data with the most accuracy since it 
allows the most freedom in correlation. . The objective of the 
present adsorption investigation was to determine the total 
monolayer adsorption space, a meaningful adsorption equili­
brium constant, the heat of adsorption, and an indication of 
the degree of heterogeneity of the solid surface. The 
Chakravarti-Dhar equation seemed to be the most applicable 
for yielding this type of information. 
Heterogeneity of a surface is usually the result of an 
uneven distribution of activity on the surface. Sometimes 
this is visualized as a number of ideal activity levels where 
each level has its own available adsorption space and equi­
librium constant, Equation 38. The degree of heterogeneity 
J,—_L _L—_L 
= Monolayer adsorption space at i th activity level 
A = Total monolayer adsorption space 
o 
A^K^p 
1 + K;P 
X X
(38)  
K. = Adsorption equilibrium constant at i th activity 
^ level 
K = Adsorption equilibrium constant at the mean or 
most probable activity level 
N = Number of activity levels 
= AJ^/AQ, Dimensionless monolayer space at i th level 
= K^/K, Dimensionless adsorption equilibrium 
constant at i th level 
= Kp, Dimensionless pressure 
would then be the variance in the distribution of the activity 
levels on the surface. Thus, the effect of surface hetero­
geneity on the overall adsorption isotherm can be observed by 
studying the simple case of a surface that has only three 
activity levels, that is N=3. For a demonstration let us as­
sume that fifty percent of the surface is at the most probable 
activity level, that is = 0.50 and = 1.0. Then let 
twenty-five percent of the surface be at a lower level sand 
twenty-five percent at a higher level, that is = O.25 and 
= 0.25. Then let the indication of variance in activity 
levels, CT, be the ratio of the adsorption equilibrium con­
stant at the higher activity level to the adsorption equilib­
rium constant at the lower activity level. Equation 39. When 
the surface is homogeneous, all values of P will be equal to 
a = P^/3^ (39) 
a = an Indication of variance in distribution of 
activity levels 
unity so a will be unity. Higher values of a should indicate 
a more heterogeneous surface. 
The values in Table 3 were used in Equation 4o to 
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Table 3. Distribution of activity used to demonstrate 
surface heterogeneity 
a Pi 3 2 P) 
1 
10 
100 
1 
0.5 
0.1 
1 
1 
1 
1 
5 
10 
A Û 0 J- l_ 0.503, 0 4- .253^" (40) 1 + P/ 1 + Pgf 1 + py 
calculate individual points so the general effect of surface 
heterogeneity could be demonstrated graphically. The re­
sulting isotherms were plotted on the upper portion of 
Figure 8. The principal effect of heterogeneity is to reduce 
the slope of the adsorption isotherm at corresponding dlmen-
slonless points. This means that the amount adsorbed at low 
pressures tends to increase as the degree of heterogeneity 
increases and the amount adsorbed at high pressures tends to 
decrease. The effect at high pressures is not so •marked 
since the surface is nearly saturated at high pressures. The 
Chakravartl-Dhar isotherm equation appears to give the same 
general trend when the exponential value, n,, goes below one 
as shown in the lower portion of Figure 8. Thus, by analogy, 
the degree of heterogeneity would be Indicated by the value 
of the exponent n. A high degree of heterogeneity would be 
Indicated by a low value of n. When the value of n is equal 
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cr= 1.0 
O~=IO 
0"==100 
n = 1.0 
n=Q9 
nzrQS 
n=0.7 
Figure 8. Dimensionless adsorption isotherms showing effect 
of surface heterogeneity 
^7 
to one the equation becomes identically the Langmuir equa­
tion. 
In Figure 8, the adsorption values usually reach 
fifty percent of the total adsorption space when ^  is equal 
to one. In the simple case of just three energy levels on 
the surface, P is equal to one when the reciprocal of the 
pressurée is equal to the mean or most probable adsorption 
equilibrium constant. Thus, by analogy, the Chakravarti-
Dhar isotherm equation would appear to give the mean or most 
probable adsorption equilibrium constant. When some of the 
other isotherms are applied to a dimensionless plot such as 
Figure 8, it is difficult to attach any physical significance 
to the adsorption equilibrium constant when the exponential 
value of r is not unity. 
Supposedly the temperature dépendance of a true ad­
sorption equilibrium constant could be used to determine the 
heat of adsorption by the van't Hoff equation. The heat of 
adsorption would be proportional to the slope of the logarithm 
of the adsorption equilibrium constant, log K, versus recip­
rocal temperature, l/T. Habgood and Hanlan (17) determined 
the heat of adsorption by plotting the logarithm of the re­
tention time of chromatography peaks at zero coverage versus 
reciprocal temperature. They obtained these values by 
determining the retention time at different pressures then 
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•extrapolating to zero pressure. For a homogeneous surface 
the retention time at zero coverage would be proportional 
to the adsorption equilibrium constant times the monolayer 
adsorption space, KA^. This can be shown mathematically by 
combining Equation 22 with the Chakravarti-Dhar equation in 
the limit when the pressure goes to zero, Equation 4l. A 
^ 
homogeneous surface, n=l, would give a constant retention 
time at very low pressures, A heterogeneous surface, n<l, 
would produce'tailing and give a long retention time at low 
pressures. The long retention time at low pressures would 
probably reflect the adsorption on highly active portions of 
the surface. 
i+9 
EXPERIMENTAL INVESTIGATION 
Gas-Solid Adsorption 
Apparatus 
The apparatus used for the adsorption studies was simi­
lar to a conventional gas chromâtograph. A quartz U-tube was 
packed with solid adsorbent and connected to a carrier gas 
supply and detector. The tube was placed in a constant 
temperature medium that could be operated from room tempera­
ture up to 2^6O°F. 
The constant temperature was provided by a 2 3/4 inch 
inside diameter furnace using Kanthal A-1 helical elements 
to provide the heat. Three elements were used so that extra 
heat could be provided at the ends to give an isothermal zone 
in the center. The heating element in the center was 19.7 
inches long whereas the end elements were 7*9 inches long. 
Each element was individually controlled by a variable trans­
former which was capable of operating up to 70 amperes output. 
Since there was very little interruption in the use of the 
furnace, a constant temperature was maintained by continuous 
current flow. 
A 20 inch isothermal zone =fcl5°P was established by ad­
justing the current in each element to a predetermined level. 
After any current adjustment, a period of several hours was 
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required to reach a steady temperature. The temperature 
profile in the furnace was measured with a chromel-alumel 
thermocouple in a quartz protection tube. 
An adsorption column consisted of a 6 mm inside 
diameter (8 mm outside diameter) quartz U-tube that was 32 
inches long from the tip of the U to the ends of the column, 
Figure 9* A column was partially filled with adsorbent, 
then quartz capillary tubes (0.2 to 0.5 mm inside diameter, 
5 mm outside diameter) were inserted into the column until 
they touched the packing. Connections between the capillary 
tubes and the adsorption column were made with Tygon tubing 
and metal clamps outside the furnace. The outer ends of the 
capillary leads were fused to 12/1 quartz socket joints so 
they could be' easily connected and disconnected from the 
rest of the apparatus. Stainless steel 12/1 ball joints 
led to the detector and injection port, Figure 9. Since the 
vapors studied were above their boiling points, no provision 
was made for heating the injection port, detector, or column 
leads. 
The detector was a Gow-Mac micro thermal conductivity 
cell. Model JDC-301, with tungsten ¥-2 filaments. The cell 
was controlled with a Model 9293-B Gow-Mac power supply. The 
response from the detector was read out by a recording 
potentiometer (Sargent Model-SE) with an attenuator on the 
16" 
High Temperature Furnace 
Isothermal Zone 
Adsorption Column 
(6 mm I.D. Quartz tubing) 
20"-
40" 
To flow meter 
Detector 
A. Quartz capillary tubing (0.2-0.5 mm I.D., 5 mm O.D.) 
B. 12/1 ball joints D. Njcroflovj valve 
C. Injection port E. Pressure regulator 
M 
Figure 9- Adsorption apparatus 
V 
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Input leads. The recorder was operated with a pen deflection 
of 250 mm for an unattenuated signal of one millivolt. The 
chart speed was two inches per minute. 
A constant flow of carrier gas was maintained by passing 
helium from a cylinder through a two stage regulator, then 
another regulator and a micro flow valve (Matheson Number 151) 
before entering the detector and adsorption column, Figure 9. 
The flow rate from the column was measured with a soap bubble 
flow meter at ambient conditions. 
Procedure 
Preparation of adsorbents and adsorbates In prepara­
tion for adsorption determinations, two of the most important 
considerations were the solid adsorbents and gaseous adsor­
bates to be used. Most of the solid adsorbents were produced 
from gypsum that had been mined near Fort Dodge, Iowa. Lumps 
about one to two inches in diameter were crushed and sized 
for subsequent treatment. This gypsum came from the same lot 
used by Wheelock {k2). His chemical analysis is given in 
Table 
Samples of calcium sulfate were prepared by heating -24 
+28 mesh gypsum at 1500°P for three hours in air. Calcium 
sulfide samples were prepared by reducing -24 +28 mesh gypsum 
at 16OO°F for three hours in a stream of 35 percent carbon 
monoxide and 65 percent nitrogen. Some calcium oxide samples 
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Table Analysis of gypsum 
Constituent Gypsum, -7+8 mesh 
HgOCcombined) 20.0 
CaO • 31.0 
MgO 0.1 
SO3 45.3 
CO2 
VD 0
 
^2°3 0 
S102 3.5 
NaCl 0.3 
100.8 
were prepared by decomposing -2k +28 mesh gypsum at 2200°P 
for two hours in a stream of 5*5 percent carbon monoxide, 35 
percent carbon dioxide, and 59-5 percent nitrogen. Other 
calcium oxide samples were prepared by thermally decomposing 
-2k +28 mesh. Iceland Spar at 1800°P for three hours in air. 
The pure gas adsorbate samples were prepared in 500 ml. 
Pyrex sample bulbs and held for use in the adsorption determi­
nations. The gas in a bulb was kept at a slight positive 
pressure by connecting the lower end of the sample bulb to a 
leveling bulb filled with vacuum pump fluid. As the gas was 
used it was displaced by the fluid. In order to fill a sample 
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Table 5. Source and purity of gases 
Component Source Grade Purity 
Ng Cook Welding Supply prepurified 99.5 min. 
Og The Babcock Co. hospital 99>5 
He The Babcock Co. 99*9 
Hg Cook Welding Supply 99.8 
CO Matheson Scientific Co. C.P. 99.5 min. 
COg Cook Welding Supply 99.5 
SOg Matheson Scientific Co. comm. 99.9 min. 
" " " " andhy. 99-98 min. 
bulb, pure gas from a cylinder was purged through the bulb 
and the leveling fluid until all other gases were swept out. 
The sources and purities of the gases used in the experiments 
are given in Table 5• 
When a gas sample.was needed for an adsorption run it 
was taken by a 1 ml. tuberculin syringe through a serum cap 
in the side of a sample bulb. Much care was needed to obtain 
a good sample. This was insured by filling the syringe with 
gas and emptying it three times. Again the syringe was 
filled with gas and the desired sample size injected into the 
adsorption apparatus. A sample loop could not be used because 
many different sample sizes were needed.. 
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Obtaining adsorption chromâtograms An adsorption 
column was prepared by weighing an empty column, filling it 
to the desired level with adsorbent, then weighing the filled 
column. The capillary leads were Inserted into the column 
and connected to the ends of the column. Then the column 
was placed in the furnace and connected to the detector. 
The temperature of the column was measured at four inch 
Intervals and integrated by trapezoidal approximation to get 
the average temperature. During this time the helium flow 
and detector current were run until a constant baseline was 
shown on the recorder. Then a pure inert sample was in­
jected. After the inert sample was eluted an adsorbate 
sample was injected. When the difference in retention times 
was small; two adsorbate samples were injected then an inert 
sample of nearly the same size. The results from the two 
were averaged for subsequent calculations. Generally seven 
different sample sizes were used; 0.05, 0.1, 0.2, 0.4, 0.6, 
0.8, and 1 ml. When the sample was Injected it created a 
sharp pressure surge which provided a convenient marker on 
the chromatogram. This marker was circled and the attenuator 
setting, sample size and sample contents were recorded on 
the chromatogram. Usually a chromatogram was attenuated so 
that the peak maximum was just kept on the chart. The carrier 
gas flow rate was measured and recorded occasionally between 
chromâtograms. 
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A typical chromâtogram had a sharp leading edge and a 
diffuse trailing edge, Figure 10. The retention time usually 
varied with sample size because the isotherm was not linear. 
Extreme tailing on small sample sizes was probably due to 
surface heterogeneity as discussed previously. 
Calculation of adsorption values In most of the 
determinations the leading edge of the chromâtogram was 
nearly vertical with nearly a symmetrical elongated S-shape. 
Thus the amount adsorbed at the peak pressure was calculated 
by the use of Equation 22. The .peak pressure depended on the 
sample size injected so each sample size established a point 
on the adsorption isotherm. 
The response of the detector was assumed to be linear 
so the sensitivity was calculated by Equation 2k. The 
determination of detector sensitivity was carried out best 
with an empty column where peak tailing was not significant. 
The peak pressure of an adsorption chromâtogram was 
calculated from the peak height, the attenuation and the 
sensitivity. Equation 23. The retention times were measured 
with a precision ruler at the point where the leading edge of 
the chromatogram reached fifty percent of the peak height. 
The difference in retention time between an inert and ad-
sorbate sample was used with the peak pressure to calculate 
the amount adsorbed, Equation 22. 
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0.2 ML 
• AIR 
0.4 ML SO2 
. 40 
T, SECONDS 
Figure 10. Adsorption chromâtogràms of sulfur dioxide on 
30.97 grams of calcium sulfate. Dehydrated 
gypsum, column B, 4-23 P, 18.6 ml He/min. 
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Typical data from one series of adsorption chromâtograms 
are given in Table 6. A 4o inch length of packed column, 6 
mm inside diameter, usually held about 30 grams of -Zk +28 
mesh adsorbent. A helium carrier gas flow rate of 5 to 40 ml/ 
min. was used depending on the amount adsorbed and the amount 
of tailing that was produced. Low flow rates were sometimes 
required to give a reasonable retention time between an inert 
and an adsorbed sample when the amount of adsorption was low. 
Usually the higher flow rates were desired because they 
shortened the effect of tailing and reduced the effects of 
diffusion. The retention time of an inert sample was between 
20 and 120 seconds depending on the flow rate and temperature 
of the column. Adsorbed samples were detained 2 to 200 
seconds longer than the inert samples depending on the flow 
rate, sample size, and amount adsorbed. The amount adsorbed 
was usually less than one micromole per gram of adsorbent. 
Correlation of data with Chakravarti-Dhar equation 
Most of the adsorption data were correlated with, the Chakra­
varti-Dhar isotherm, Equation 42. As shown in a previous 
section, the constant n may indicate the degree of heteroge­
neity of the solid surface, K represents the mean or most 
probable adsorption equilibrium constant, and A^ is the total 
monolayer adsorption capacity. 
Table 6. Experimental data from adsorption chromatograms. Adsorbent., 30.97 gram 
CaSO(column B); adsorbate, SO^; column temp., 663°P; helium rate, 10.38 
ml/min at 75°P; detector sensitivity, 155 mm deflection/mm Hg S0„ 
pressure 
Sample size ^50 ^^"^1^50 Peak height Attenuator ^m ^m 
Vapor ml sec. sec. mm setting mm Hg micromoles/gram 
air 0.100 61.3 
air 0.100 61.7 
air 6.050 61.2 
24.9 SO^ 0.020 94.7 33.5 2 0.32 0.0032 
SOG 0.050 78.9 17.5 71.1 8 3.67 0.0194 
SOP 0.100 74.6 12.4 118.5 16 12.23 0.046 
air 0.100 62.2 
S0_ 0.200 72.0 9 . 4  144.9 32 29.91 0.085 S02 0.200 72.7 10.1 147.0 32 30.34 0.092 
air 0.200 63.0 
SO, 0.400 70.9 7 . 8  169.3 64 69.89 0.164 
SO^ 0.400 70.5 7 . 4  173.3 64 71.54 0.160 
air 0.400 63.2 
80^ 0.600 70.9 7 . 5  85.7 128 70.75 0.160 
SO^ 0.600 69.9 6.5 135.7 128 112.03 0.219 
air 0.600 63.7 
air 0.800 63i5 
SO. 0.800 68i9 5 . 4  183.6 128 151.58 0.247 
SO G 0.800 68.0 4.5 186.1 128 153.64 0.208 
50^ 1.000 68.1 4.6 118.5 256 195.67 0.271 
SO^ 1.000 68.2 4.7 119.0 256 196.49 0.278 
air 1.000 63.5 
air 1.000 63.5 
6o 
The constant n could be determined from the slope of a 
straight line correlation which involves the adsorption data, 
p and A, and the slope of the adsorption isotherm, dA/dp, 
Equation 35- The values of dA/dp could be determined by 
l^p = + n log p (35) 
graphically measuring the slope of the isotherm at various 
2 / 
points, Figure 11. Then the logarithm of could be 
plotted versus the logarithm of the adsorbate pressure, p, 
to determine the slope, n, as shown in Figure 12. 
After the value of n is determined, the monolayer ad­
sorption capacity and the adsorption equilibrium constant 
could be determined by correlating the adsorption data with 
an amenable form of the adsorption isotherm. Equation 43. 
o 
P^/A versus p^ should give a straight line. The slope of the 
line is equal to l/A^ and the intercept is equal to l/K^A^, 
Figure 13. 
The graphical representation is helpful for visualizing 
the correlation but not necessarily the best way to handle 
the adsorption data. Generally a considerable amount of error 
is associated with graphical differentiation of experimental 
data. The differential, that is the slope of the isotherm. 
6l 
A, Amount 
adsorbed 
Slope of isotherm = dA/dp 
p, Partial pressure of adsorbate 
Figure 1]. Graphical representation of slope of adsorption 
isotherm • 
log 
_dA/diD 
Slope = n 
log p 
Figure 12. Graphical representation of value of n 
Figure 13. Graphical representation of equilibrium constant 
and monolayer adsorption capacity 
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is used in Equation 35 to determine the value of n. Mathe-
A^/TD 
matically the value of can be determined from any two 
points, Pj and on the adsorption isotherm by combining 
Equation 4^ with Equation 35« First Equation k3 is'divided 
by p and then corresponding points on an isotherm are sub­
stituted into the equation, that is Pj,Aj and 
The difference between the two resulting equations at j and 
Î1 • j+1 can be rearranged to give K A^. When that is combined 
with Equation 35 at p. the result will be Equation But 
. 2 /  
Equation kk cannot be used directly to calculate since 
_dA/dp 
. -j+1' 
the objective is to determine the value of n. Consequently 
a scheme was developed to get around this. 
When Equation 44 is combined with Equation 35 and 
constrained so that py/pj^^ remains a constant, C, the value 
of n can be readily determined from numerical data without 
any differentiation. Equation 45. Values of A can be selected 
1 r K^A (1-C) 
1/A. _ ï/Aj+i = ^ ^ Pj (^5) 
C = constant Pj/Pj+^ 
from an isotherm at specified values of p so that the ratio 
of one pressure to the next, that is p^/py^^, remains constant. 
1-C 
Then values of the logarithm of l/A^ - 1/A^^^ can be plotted 
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versus the logarithm of where the slope of the line is 
equal to n according to Equation ^+5' This simplifies the 
correlation so that the determination of n can be carried 
out numerically without involving differentiation of the 
1 C 
adsorption data. The parameter y-rr— was chosen 
i/A^ - i/Aj+i 
so that numerically it would give values nearly equal to 
2 
dA/dp ' especially for small increments where C approaches 
unity. 
The following sample calculation typifies how the ex­
perimental adsorption data were actually handled and corre­
lated with the Chakravarti-Dhar isotherm equation. The ad­
sorption data, p and A, from Table 6 were used in the calcu­
lations. First the experimental points were plotted on log-
log graph paper and a smooth curve (isotherm) was drawn 
through the data. Then adsorption values were read from the 
curve at pressures of 0.5 mm, 1 mm, 2 mm, 4 mm, 8 mm, and so 
1 - c forth, Table ?. Then the values of were calcu-
j 0*^1 
lated at p^, Table 7. The adsorption values were selected 
at specified pressures such that the ratio of one pressure 
to the next was constant. In this case the ratio, Pj/Pj^^) 
was constant and equal to 0.5- This constraint allowed the 
use of Equation for the determination of n. The values 
in the right hand column of Table 7 were plotted versus p^ 
on a log-log graph. Figure 14-. . The slope of the straight 
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Table 7. Adsorption values selected from smooth curve and 
1 — C 
calculated values of -r-r:—~ . Data from 
Table 6 - 1/Aj+i 
j Aj 
1 . 1 1 
'^3 ^j+1 
1 - p/pj+i 
l/Aj - 1/Aj+i 
1 0.5 .0047 212.76 82.89 .0060 
2 1 .0077 129.87 49.87 .0100 
3 2 .0125 80.00 31.22 .0160 
4 4- .0205 48.78 18.93 .0264 
5 8 .0335 29.85 11.83 .0423 
6 16 .0555 18.02 6.91 .0724 
7 32 .09 11.11 4.31 .1160 
8 64 .147 6.80 2.47 .2024 
9 128 .231 4.30 
line, 0.75J was equal to n according to Equation 4^. Ob­
viously a statistical linear regression of the logarithms 
could also be used to determine the slope. 
After the value of n was determined, the values of p^ 
and p%. were calculated from experimental data, Table 8. 
Whenever duplicate points were available, the average of the 
two was used. Then a statistical linear regression was 
calculated for the values of p^/A on the values of p^. The 
regression line through, the experimental points, Equation 46, 
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Figure l4. Graphical determination of value of n with points from Table 7 
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^— = 130.86 + 1.12 pU'/J (46) 
p, mm Hg 
A, mlcromoles/gram 
represented the amenable form of the Chakravarti-Dhar iso­
therm, Equation 43. The slope, l/A^, and the intercept, 
1/K^A^, were used with the value of n to calculate the ad­
sorption equilibrium constant, K, Equation 4?. The mono-
1/n _ _ 1/0.75 
K = I ' -1 
_lnleggept] = [13^ = ™ %' 
(4?) 
layer adsorption capacity, A^, was determined from the inter­
cept, Equation 48. The experimental points and regression 
A^ = l/slope = 1/1.12 = 0.89 micromoles/gram (48) 
line are shown in Figure 15. 
Table 8. Experimental points for amenable form of isotherm 
equation. Data from Table 6 
p A PO.75 P°-"/A 
0.32 .0033 0.426 129.09 
3.67 .0194 2.650 136.60 
12.23 .046 6.520 141.74 
29.91 .086 12.750 148.26 
70.72 .161 24.400 151.55 
112.03 .219 34.300 156.62 
152.61 .228 43.300 189.91 
196.08 .275 52.600 191.27 
200 
180 
S 160 
CL 
140 
20 30 40 
r»0.75 
ON 
Figure 15. Experimental points from Table 8 and regression line of amenable 
form of adsorption isotherm 
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Sometimes the slope of the regression line was so small 
that It was overshadowed by experimental error. This was 
when surface coverage was so low that the monolayer ad­
sorption capacity could not be determined accurately. Even 
then the value of the Intercept of the regression line was 
significant so the "chromatographic equilibrium constant" 
K^AQ, could be reliably calculated, Equation 4$. 
- l/lntercept = 1/130.86 = O.OO76 (49) 
Determination of heat of adsorption Generally the 
heat of adsorption caji be determined from isosteric adsorption 
data. An Isostere is the relation between pressure and 
temperature for a constant amount adsorbed. The logarithm 
of the pressure, log p, is plotted versus reciprocal tempera­
ture, l/T, to determine the heat of adsorption by the Claslus-
Clapeyron equation. This determination of isosteric heat of 
adsorption depends on a constant surface area or monolayer 
adsorption capacity. Then a fixed amount adsorbed will 
represent a fixed fraction of surface coverage. At high 
temperatures, sintering may reduce the surface area signifi­
cantly and reduce the adsorption capacity of an adsorbent. 
When the surface areas are different, the heat of adsorption 
may be more adequately represented by the pressure required 
to give a fixed fraction of surface coverage rather than a 
fixed amount adsorbed. 
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The adsorption equilibrium constant in the Chakravarti-
Dhar equation is inversely proportional to the pressure re­
quired to give 50 percent surface coverage. In the present 
- investigation the Chakravarti-Dhar equation reproduced the 
course of experimental data quite adequately so the resulting 
adsorption equilibrium constant was used for the calculation 
of the heat of adsorption. The values of heat of adsorption 
were determined from the slope of the logarithm of the ad­
sorption equilibrium constant, log K, versus reciprocal tem­
perature, l/T, by the van't Hoff equation. This Is quite 
similar to the isosteric heat of adsorption at $0 percent 
coverage. Intuitively this would be some mean heat of ad­
sorption associated with some mean adsorption equilibrium 
constant for a heterogeneous surface. 
In some cases investigated the surface coverage was low 
and the monolayer adsorption capacity could not be determined 
reliably. Consequently the adsorption equilibrium constant 
could not be accurately determined, that is, the pressure 
required to give 50 percent surface saturation. -But even for 
low surface coverage the "chromatographic equilibrium constant?', 
K^AQ, could be determined reliably. Consequently, in those 
cases was used instead of K to get an estimate of the 
heat of adsorption. 
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Experimental limitations 
The adsorption of gases on solids at high temperatures 
presented many problems. One of the main problems was that 
the amount of adsorption was very low and seldom exceeded 
one micromole of gas adsorbed per gram of solid adsorbent. 
The amount of adsorption was low mainly because of two fac­
tors: 1) the surface areas of the adsorbents were low with 
practically no Internal pores and 2) high temperatures tended 
to lower the adsorption equilibrium constants. Because of 
this, relatively large amounts of adsorbents (that is long 
adsorption columns) and low carrier flow rates had to be 
used to measure the adsorption. Even then the difference in 
retention time between an Inert and adsorbate sample was 
small. 
A low carrier gas flow rate was controlled quite ade­
quately with a Matheson Number 151 mlcroflow valve. The 
Important factor was that the pressure drop across the control 
valve was much larger than the pressure drop across the ad­
sorption column. Then the disturbance from sample injection 
had a negligible effect on the overall flow rate. The lower 
limit of the flow rate was about 5 ml/min. Below this the 
samples traveled so slowly through, the column that diffusion 
broadened the peaks and the deviation in retention times of 
a given sample was about as large as the deviation between 
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inert and adsorbate samples. Thus the lower limit of ad­
sorption was when the difference in retention times was about 
two seconds at a carrier flow rate of 5 ml/min. for about 30 
grams of adsorbent. The lowest pressure that gave a 
reasonable deflection from the detector was about 0.1 mm Hg. 
Consequently the lowest value of adsorption that could be 
detected was about 3 x 10"^ micromoles per gram at 0.1 mm Hg 
partial pressure. The corresponding limit of detection of 
adsorption at 100 mm Hg partial pressure was about 3 x 10" 
mlcromoles per gram. 
Usually adsorption was affected by temperature so the 
solid adsorbent particles should have all been one tempera­
ture. A twenty inch isothermal zone was desired so that a 
U-tube could be used for the adsorption column with forty 
Inches of packing at isothermal conditions. This was diffi­
cult to maintain with the high temperature furnace used in 
the studies. The average variation in temperature along the 
column was about at 600°F but the variation was 25 to 35°^ 
at 2000°P. The separately controlled end elements helped to 
compensate for the usual drop In temperature at the furnace 
ends but they could not compensate for the spaces between the 
elements or the temperature gradients produced by the heating 
element in the central zone. Considerable space, nearly one 
inch, was needed between elements to allow for expansion of 
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the elements on heating. Possibly a shorter Isothermal zone 
could be used for adsorption measurements if several oval 
loops were put in the column. The column would be more 
difficult to fabricate and pack but a shorter isothermal 
zone might be considerably easier to maintain. 
The material used for the adsorption columns was quite 
an important consideration. The main requirements for the 
column material were that: 1) the material had to be inert 
to the solid adsorbents and gaseous adsorbates used and 2) 
the material had to be able to withstand the high tempera­
tures. The first requirement ruled out most metals because 
of their reactivity or ability to adsorb gases at high tem­
peratures. Also very few metals could withstand a tempera­
ture of 2200°P. Many ceramic oxides and silicates could 
withstand the temperature but they tend to be porous which 
could interfere with adsorption measurements. Also most 
ceramic materials are difficult to fabricate into chroma­
tographic adsorption columns. 
Fused silica (quartz) was the most satisfactory column 
material that could be found for the desired application. 
Tubing made from fused quartz could be handled by glass 
blowers to fabricate chromatographic adsorption columns. The 
columns were inert, had high resistance to thermal shock, and 
could withstand temperatures up to 2190°F, 
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Below 1800°F fused quartz could be used continuously but 
above that the column had to be placed in the furnace just be­
fore the adsorption runs then removed immediately after the 
runs. Above 1800°F the fused quartz would devltrify and 
crystallize. This would cause mechanical failure of the col­
umn after eight to ten hours of operation. Above 2190°F the 
fused quartz began to flow and reacted with calcium oxide to 
form a silicate. Sulfur dioxide was the only adsorbate used 
that showed much tendency to adsorb on fused quartz but its 
effect was considered negligible. Adsorption on an empty 
column produced a difference in retention time of less than 
one second with a flow rate of 5 ml/mln. Fused quartz is 
generally known to be non-porous and inert to many gases. 
The fused quartz capillary leads that were inserted in­
to the column, also proved to be quite satisfactory. They 
had a low dead volume and could be connected to the column 
outside the furnace at room temperature. The tygon tubing 
and metal tubing clamps were satisfactory for the connections 
but required considerable care during assembly because the 
fused quartz columns were so fragile. Possibly Beckman 
teflon tubing connectors would be easier to use. The only 
problem encountered with the capillary leads was when 
elemental sulfur was liberated from the column. In the hot 
column, elemental sulfur was a vapor but then it condensed 
7^ 
and solidified in the effluent capillary and plugged the flow 
of gas. 
Results 
The use of gas-solid chromatography to measure adsorp­
tion isotherms had a number of distinct advantages over con­
ventional static methods. First of all, chromatography did 
not require a high vacuum system and did not require a deli­
cate balance system to measure small amounts of adsorption. 
Also chromatography was readily adapted to high temperature 
measurements. The use of pulse flow chromatography provided 
additional advantages over a step flow method for the present 
investigation. Only one pure carrier gas was required and 
the adsorbates could be used as pure samples. Instead of making 
or buying mixtures with the carrier gas. Since there was no 
information available about the adsorption to be studied; 
pulse flow chromatography provided a convenient method to 
study the adsorption of several adsorbates on several adsorb­
ents over a very wide range of temperatures. 
A complete list of the numerical adsorption data is 
given in the Appendix. 
Surface area from butane adsorption The adsorption 
of butane at room temperature was used as a convenient method 
to estimate the specific surface area of the solid adsorbents. 
Surface area is conventionally determined by physical 
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adsorption of a vapor near its boiling point. When the sur­
face is covered with a single layer (monolayer) of adsorbed 
vapor, the density of the adsorbed vapor is assumed to be 
nearly that of the liquid condensate. Then the amount ad­
sorbed in a monolayer can be related to the total surface 
area that the vapor can come in contact with. The problem 
becomes one of determining the monolayer adsorption capacity 
and its relation to surface area. 
In most cases physical adsorption can be correlated with 
the well-known BET isotherm equation to determine the mono­
layer adsorption capacity of an adsorbent. But, Gregg (l4) 
reports that the BET equation will only reproduce the course 
of experimental data over a range from 5 percent to about 30 
percent of the vapor pressure of the condensed adsorbate. 
The chromatographic method used to determine the adsorption 
of butane covered a range of about 1 to 100 mm Hg pressure. 
This was only about .05 to 5 percent of the vapor pressure 
of butane at 75°^ which ruled out the use of the BET equation. 
Generally, the amount adsorbed fills a monolayer at 10 to 20 
percent of the vapor pressure. Thus the amount adsorbed 
below 5 percent of the vapor pressure should be less than a 
monolayer and should follow a monolayer isotherm equation in 
that region. 
The chromatographic adsorption data for butane were first 
correlated with the Chakravarti-Dhar equation which is 
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essentially a monolayer isotherm equation. The exponential 
value of n in the equation was found to be unity for ad­
sorption of butane so the correlation reduced to the Lang-
muir isotherm. Consequently the monolayer adsorption capac­
ities of the adsorbents were determined with an amenable form 
of the Langmuir isotherm, Equation 43 when n = ,1. A re­
gression of values of p/A versus p was calculated from butane 
adsorption data where the monolayer adsorption capacity was 
equal to the reciprocal of the slope of the regression line. 
In order to convert the monolayer adsorption capacity 
to absolute surface area in square meters per gram one has 
to select a value for the cross-sectional area estimated to 
be covered by each adsorbed molecule (12). A reasonable 
estimate of cross-sectional area covered by adsorbed butane 
at 75°P is 37 square Angstroms per molecule (11, 12) This 
was converted to 0.222 m /micromole of butane in a monolayer 
and used to estimate the surface area for each adsorbent in­
vestigated, Table 9. The source of the adsorbent is given 
with the highest temperature of treatment during adsorbent 
preparation or adsorption runs. The value of surface area of 
the column A adsorbent was 0.90 m /g. when multiplied by 1.5 
for comparison with nitrogen adsorption as suggested by 
Emmett (12). The surface area of the same adsorbent as 
determined by the conventional BET nitrogen adsorption was 
0.81 m^/g. 
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Table 9. Estimate of surface area from adsorption of butane 
Column Packing Origin 
Max. 
temp. 
Op 
Surface area 
m^/gram 
A 
A 
CaSO^ 
CaSO; 
dehydrated gypsum 
after adsorption runs 
1500 
1230 0
 0
 
ON
 O
N 
0
 0
 
B 
B 
CaSOh 
CaSOj 
dehydrated gypsum 
after adsorption runs 
1500 
1490 
0.45 
0.11 
P CaSO^ dehydrated gypsum 1500 0.78 
C CaO desulfurized gypsum 2250 0.48 
E . CaO decomposed calcite 1800 2.62 
H CaO decomposed calcite 
from Col. E after 
adsorption runs 
2150 0.34 
H CaO after adsorption runs 2150 0.18 
D Cas reduced gypsum 1700 1.67 
G 
G 
Cas 
Cas 
reduced gypsum 
after adsorption runs 
1700 
1460 
2.05 
1.13 
The surface areas of the adsorbents were low compared to 
many catalysts but generally high temperatures tend to re­
duce the surface area of solids by sintering. Most of the 
adsorbents were prepared at high, temperatures so the surface 
area would not change rapidly during the adsorption runs. 
However, when the area was determined after adsorption runs, 
it was usually lower than before the runs. This was 
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especially noted when calcium oxide was prepared from calcium 
carbonate at 1800°F. The surface area was Initially 2.6 m^/ 
gram but after runs up to 2150°P It had decreased to 0.34 
m^/gram, Table 9» 
Adsorption on calcium sulfate The adsorption of five 
--different vapors oh calcium sulfate (dehydrated gypsum) was 
studied over a temperature range of to 1200°?. Sulfur 
dioxide was the only vapor that was adsorbed significantly. 
The other gases tested for adsorption Included carbon mon­
oxide, hydrogen, carbon dioxide, and oxygen. Some slight 
amount of carbon dioxide adsorption was indicated at the 
lower temperatures but it was not separable from experimental 
error. Carbon monoxide and hydrogen showed no indication of 
adsorption below 1000°P but above 1000°? they started to re­
duce the calcium sulfate. Also some surface decomposition 
of the sulfate appeared to commence in an- ii^grt atmosphere 
above 1000°?. The results were then complicated with the 
formation of sulfide, sulfite, or oxide surfaces. This 
prohibited accurate adsorption measurements on the sulfate 
surface alone at temperatures much higher than 1000°?. 
The adsorption isotherms of sulfur dioxide from one 
calcium sulfate column are shown in Plgure l6. When the 
data was correlated with the Chakravarti-Dhar equation the 
value of n was in the range of 0.7 to 0.9. This indicated 
considerable heterogeneity of. the sulfate surface with some 
75 Of 
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<0.01 
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Figure l6. 
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Adsorption Isotherms of sulfur dioxide on calcium sulfate (Column B) 
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regions being more active than others. Some of this heter­
ogeneity could have been produced from the temperature vari­
ation along the length of the adsorption column and impuri­
ties in the original gypsum sample. 
The trend of adsorption was shown by plotting the 
logarithm of the adsorption equilibrium constant, K, versus 
reciprocal temperature, l/T, to facilitate the calculation 
of the heat of adsorption by the van't Hoff equation, Figure 
17. Pair reproducibility of K was observed between the three 
sulfate columns studied. The exothermic heat of adsorption 
was about 3.0 kcal/g mole between 200 and 4oo°P and about 
8.0 kcal/g mole between 400 and 600°F. This heat of adsorp­
tion is much smaller than usually observed for chemical ad­
sorption and falls in the range of values normally associated 
with physical adsorption. On the other hand, the value of 
the equilibrium constant for adsorption of sulfur dioxide on 
calcium sulfate below 317°F is 10,000 times greater than the 
reciprocal of the vapor pressure of condensed sulfur dioxide. 
Usually the adsorption equilibrium constant is only 10 to 20 
times greater than the reciprocal of the liquid vapor pres­
sure for physical adsorption. In addition to this, adsorption 
of sulfur dioxide on calcium sulfate continued significantly 
above the critical temperature of sulfur dioxide, 317°P. 
Consequently some doubt remains about whether the adsorption 
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Figure 1?. Adsorption equilibrium constant versus tempera­
ture for sulfur dioxide on calcium sulfate 
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is due to chemical bonding forces or van der Waal's 
forces. 
The "chromatographic equilibrium constant", shows 
the same trend in adsorption as the adsorption equilibrium 
constant alone, Figure 18. The figure also shows how the 
monolayer adsorption space decreased with, temperature. The 
higher temperatures also imply a longer exposure to elevated 
temperatures. The decrease in monolayer adsorption capacity 
may have been the result of two different things; 1) the 
density of adsorption in a monolayer may have decreased at 
higher temperatures and 2) the solids could have sintered or 
recrystallized at high temperatures to reduce the surface 
area. 
One additional interesting observation was made when a 
calcium sulfate column was at 1000°P. Carbon monoxide samples 
were injected into the column and no peak delay was noticed 
from adsorption. But then a sulfur dioxide sample was in­
jected and before it was completely eluted from the column, 
a sample of carbon monoxide was injected. Under those condi­
tions the carbon monoxide peak showed adsorption delay as it 
passed through the column. 
Adsorption on calcium sulfide The adsorption of 
carbon dioxide on calcium, sulfide (reduced gypsum) was in­
vestigated from 75°P up to 1700°P. According to chemical 
analysis the sulfide adsorbents were 86.5 percent calcium 
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18. Chromatographic equilibrium constant and mono­
layer adsorption capacity versus temperature 
for sulfur dioxide on calcium sulfate 
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sulfide and 10.7 percent calcium sulfate. .The results from 
one column are presented here in the form of equilibrium 
adsorption isotherms, Figure 19. At low temperatures carbon 
dioxide was adsorbed in small amounts but the amount of ad­
sorption increased with temperature up to 1000°?. 
Adsorption data were taken from two sulfide columns and 
correlated with the Chakravarti-Dhar isotherm equation. The 
resulting "chromatographic equilibrium constant" reproducibly 
reached a maximum value at 1000°P with a decrease in value 
at either higher or lower temperatures, Figure 20. This 
type of behavior is often attributed to the transition 
between physical and chemical adsorption (12). If the ma­
terial were being used as a catalyst its activity would 
reach an optimum near the temperature of maximum adsorption. 
The decrease in adsorption above 1000°F indicated a heat of 
adsorption of about ^.0 kcal/mole. This small heat of ad­
sorption would usually indicate physical adsorption, but 
condensation forces would not be likely to cause adsorption 
at 1000°F when the critical temperature was only 87°P. 
Sulfur dioxide adsorbed on calcium sulfide and had a 
strong tendency to react and form elemental sulfur. Some 
sulfur dioxide samples could be eluted from the sulfide 
column between 200 and 900°F. But, at 1000°F and above, all 
sulfur dioxide samples that were injected into the sulfide 
1.0 
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Figure 19. Adsorption isotherms of carbon dioxide on calcium sulfide (Column D) 
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column were converted to sulfur and no sulfur dioxide ap­
peared in the effluent. The elemental sulfur that was formed 
caused experimental problems because it would solidify in the 
effluent capillary tube and plug the flow of gas. 
Samples of hydrogen and carbon monoxide were injected 
into the calcium sulfide column up to 1000°? but no adsorp­
tion was detected. 
Adsorption on calcium oxide Adsorption of the five 
vapors of interest on calcium oxide (decomposed gypsum or 
calcite) was studied from 75°F up to 2150°P. Carbon dioxide 
and sulfur dioxide were the only vapors investigated that 
were adsorbed significantly. No adsorption of oxygen could 
be detected. Also no adsorption of carbon monoxide or hydro­
gen could be detected up to 1000°?. Above 1000°? carbon 
monoxide and hydrogen reacted with residual sulfate that was 
present in the decomposed gypsum column. The calcium oxide 
sample from decomposed gypsum, Column C, contained 7.5 percent 
calcium sulfate and 2.2 percent calcium sulfide. As a result 
the carbon monoxide and hydrogen samples produced carbon 
o dioxide and water vapor respectively above 1000 P. This was 
confirmed by chemical analysis of the column effluent. When 
a carbon monoxide sample was injected into the column; carbon 
dioxide was in the peak leaving the column. The resulting 
carbon dioxide peak was delayed nearly the same as when a pure 
carbon dioxide sample was injected. The water vapor peak that 
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resulted from injection of hydrogen above 1000°P was always 
delayed about ten times longer than carbon dioxide. This 
suggests that water vapor is probably adsorbed more strongly 
than carbon dioxide on calcium oxide. The adsorption of 
water vapor was not studied directly because the injection 
port, column leads, and detector were run below 212°P. 
Adsorption of carbon dioxide and sulfur dioxide on 
calcium oxide was so vigorous that it could only be studied 
at high temperatures. In both cases adsorption followed a 
Type II isotherm, that is adsorption was quite normal at low 
pressures but large amounts of the adsorbate were taken up 
as the equilibrium pressure was approached. For the case 
of carbon dioxide, the equilibrium pressure was equal to 
the decomposition pressure of calcium carbonate. By analogy, 
the equilibrium pressure for sulfur dioxide should have been 
the decomposition pressure of calcium sulfite. Reasonable 
adsorption measurements could be made only when the equilib­
rium decomposition pressure was above 10 mm Hg. This limited 
the investigation of adsorption of carbon dioxide to above 
1200°F and the adsorption of sulfur dioxide to above 1800°P. 
The effect of the equilibrium decomposition pressure on 
the resulting chromatograms can be readily seen in Figure 21. 
For small sample sizes the chromatograms were quite normal 
and the peak height increased with an increase in sample size. 
But when large samples were injected, the peak of the chroma-
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Figure 21. Adsorption chromàtograms of su-lfur dioxide on 23.7 grams of calcium 
oxide. 'Column H, 199517.2. ml He/min 
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togram flattened out at the equilibrium pressure. Larger 
samples merely lengthened the time that the ohromatogram 
stayed at the equilibrium pressure. Presumably a small por­
tion of the sample was adsorbed on the surface and the rest 
of the sample penetrated the surface and entered the crystal­
line structure. Therefore, when the chromatogram was 
flattened, the amount adsorbed was calculated on the basis 
that the entire sample size was adsorbed. Figures 22 and 23. 
The amounts adsorbed at lower pressures were calculated in 
the usual manner from the retention times and peak heights 
of the chromatograms. 
The adsorption values from low pressures were used to 
determine the adsorption capacity, the adsorption equilibrium 
constant, and the heterogeneity of the surface with the 
Chakravarti-Dhar equation. The adsorption equilibrium con­
stant for carbon dioxide on calcium oxide showed a striking 
relationship to the equilibrium decomposition pressure, Fig­
ure 2k. On the calcium oxide sample that had been produced 
from calcium sulfate. Column C, the adsorption equilibrium 
constant was equal to the reciprocal of the decomposition 
pressure over a range from 1200 to 1500°F. This indicated an 
exothermic heat of adsorption of 36.6 kcal/g mole. At higher 
temperatures the adsorption equilibrium constant became 
higher than the reciprocal of the decomposition pressure. 
Calcium oxide samples that had been produced from calcium 
carbonate. Columns E and H, gave adsorption equilibrium 
constants that were about 100 times greater than the recip-
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rocal of the equilibrium decomposition pressure over a range 
from 1800 to 2050°P. 
An earlier analysis of the Chakravarti-Dhar isotherm 
equation showed that the adsorption equilibrium constant was 
equal to the reciprocal of the pressure required to cover 
half of the surface with adsorbate. Therefore from 1200 to 
1500°P the carbon dioxide pressure nearly reached the 
equilibrium pressure before covering 50 percent of the oxide 
surface produced from calcium sulfate. But at higher temper­
atures this changed so that 50 percent surface coverage was. 
reached at 10 percent of the decomposition pressure at 1800°F. 
On the oxide samples produced from calcium carbonate, ad­
sorption reached 50 percent coverage when the carbon dioxide 
pressure was only about 1 percent of the decomposition 
pressure. 
The correlation of experimental data Indicated that the 
oxide surfaces from both sources were quite homogeneous, that 
is n = 1, for the adsorption of carbon dioxide. On the other 
hand the oxide surfaces exhibited more heterogeneity toward 
the adsorption of sulfur dioxide. The values of n were in 
the range of 0.7 to 0.9 for sulfur dioxide on calcium oxide. 
The adsorption equilibrium constant for sulfur dioxide 
on calcium oxide also had a close relationship to the 
equilibrium decomposition pressure. Figure 25. There was 
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considerable scatter in the data but in general the adsorption 
equilibrium constants were about three times higher than the 
reciprocal of the decomposition pressure. Thus the adsorp-
ti-on reached 50 percent coverage at about 30 percent of the 
decomposition pressure. The slope of the lines indicated 
that the exothermic heat of adsorption and the endothermlc 
heat of decomposition was 66.2 kcal/gram mole. 
The equilibrium sulfur dioxide partial pressure, above 
calcium oxide, determined from adsorption measurements, was 
compared with the equilibrium sulfur dioxide partial pressure 
above a mixture of calcium sulfide, calcium sulfate, and 
calcium oxide, Figure 26. The experimental data for the 
sulfide-sulfate-oxide mixture was observed by Zawadskl (46). 
The adsorption measurements were in general agreement. Most 
of the scatter in the adsorption data was probably due to 
the variation in temperature along the length of the ad­
sorption column. Prom Figure 26 it is not clear whether 
calcium sulfite or a calcium sulfide-sulfate mixture is 
formed when sulfur dioxide is taken up by calcium oxide at 
the equilibrium pressure. The adsorption studies indicated 
that the take up of sulfur dioxide is completely reversible 
and rapid. Most likely the sulfur dioxide that is adsorbed 
on the oxide surface at low pressures acts as a sulfite so 
if a sulfide-sulfate mixture is formed, the questions arise 
as to how and when it.is formed. The important conclusion 
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is that at 2200°P sulfur dioxide is strongly adsorbed on 
calcium oxide but can be present in concentrations up to 
0.64 atmosphere before it will recombine appreciably with 
the calcium oxide. 
High Temperature X-ray Diffraction 
The use of X-ray diffraction to study polycrystalline 
and some amorphous materials has been widely accepted. Klug 
and Alexander (22) describe many of the theories and pro­
cedures that have been used. One of the main uses of X-ray 
diffraction is to determine the structure of a solid and its 
space lattice. There are at least three additional observa­
tions that can be made with high temperature X-ray diffrac­
tion. First, one can observe the disappearance of one solid 
and the appearance of another due to decomposition. Second, 
one can observe the disappearance of one crystalline structure 
and the appearance of another due to a polymorphic trans­
formation. Third, one can observe thermal expansion by the 
increase in the interplanar spaclngs. 
The main objective of the present investigation was to 
use high temperature X-ray diffraction to observe two solid 
phase transformations. The first was the transformation of 
calcium sulfite to a sulfide-sulfate mixture near 1250°F. 
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The second was the a-P polymorphic transformation of in­
soluble anhydrite near 2200°F. 
Apparatus 
The apparatus used in the investigation consisted of a 
General Electric X-ray diffractometer with a Rigaku-Denki 
high temperature attachment. The high temperature unit 
consisted of a small furnace which would fit on the dif­
fractometer and hold a powder sample in the X-ray beam at 
high temperatures. A powder sample could be packed into a 
shallow platinum tray and inserted on its side into a ceramic 
heating chamber. Heat was provided by a platinum, resistance 
wire which was wound around the heating chamber. The temper­
ature was measured with a small Pt/Pt, 13 percent Rh 
thermocouple. The hot zone was insulated by two dome-shaped 
ceramic shields which could be placed over the heating 
chamber in a concentric manner. Then the system could be 
sealed with a water cooled furnace jacket. An inert, stag­
nant, or evacuated atmosphere could be provided around the 
sample. The X-ray beam was allowed to pass through the in­
sulating shields and the furnace jacket by windows that were 
covered with, aluminum or nickel foil. The X-ray beam used 
was unresolved copper Ka radiation after passing through a 
nickel filter. A one degree beam slit, no soller slit, and 
a 0.2 degree detector slit were used. 
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Procedure 
The sample to be studied was pulverized and packed into 
the platinum sample holder, then the holder was inserted into 
the heating chamber. The thermocouple was inserted into the 
holder and the ceramic shields and furnace jacket were placed 
over the heating chamber. Then came the most important and 
most tedious step—alignment.. The position of the heating 
chamber could be adjusted externally so the sample was in the 
correct position. Auxiliary beam slits were used in the pro­
cedure to adjust the angle, tilt, and fore and aft position 
of the sample. This procedure normally took two to three 
hours depending on the circumstances. After alignment was 
complete a diffraction pattern could be run. The diffraction 
pattern was recorded as peaks by a conventional recorder. 
Whenever the temperature was changed the sample had to 
be realigned for accurate determinations. This realignment 
could usually be accomplished in l/k to 1/2 hour. 
Results 
The use of high temperature X-ray diffraction provided 
a unique method of analyzing a solid in situ as decomposition 
or a transformation took place. This was especially useful 
for studying the crystalline form of calcium sulfate that 
was stable at high temperatures but could not exist at lower 
temperatures. . . 
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Like most high temperature studies, X-ray diffraction 
had its problems and limitations. One of the main problems 
was that the insulating shields around the sample reduced the 
intensity of the X-ray beam. In order to get a reasonable 
response from the counter, its sensitivity had to be turned 
up but then background noise in the signal became appreciable. 
Also a rather wide beam slit and detector slit were used. 
This Increased the intensity of the diffraction lines but 
lowered the resolution and accuracy in determining the dif­
fraction spacings. 
Also there were materials problems when sulfurous gases 
evolved from the sample into the heating chambers. The 
nickel foil windows in the shields reacted quite rapidly with 
sulfur dioxide, sulfur, and oxygen at high temperatures. For 
this reason a high temperature run could not last more than 
a few hours and the foil windows had to be replaced after 
each run. An inert gas could be used to sweep away decompo­
sition products but sometimes it was more desirable to main­
tain a stagnant atmosphere around the sample to retard de­
composition. Reducing gases were not introduced into the 
apparatus because of their tendency to combine with the plat­
inum heater, sample holder and thermocouple at high tempera­
tures. Tantalum parts could have been obtained for use with 
a reducing atmosphere but then tantalum would not withstand 
the presence of any oxidants at high temperatures. 
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The thermal stability of calcium sulfite was studied by 
high temperature X-ray diffraction in an atmosphere purged 
with nitrogen. A hydrated sample of calcium sulfite (from 
Fisher Scientific Co.) was first heated at 6oo°F for three 
hours to produce the anhydrous form. Then the anhydrous 
sample was placed in the high temperature X-ray diffraction 
unit. The unit was aligned and a diffraction pattern was run 
at room temperature. Then the temperature was changed and the 
unit was realigned for another diffraction pattern. The 
principal lines and their relative intensities at various 
temperatures are shown in Table 10. Apparently there was 
some calcium sulfate in the sample at the beginning. This 
was indicated by the Intensity of the calcium sulfate line 
being more than five percent of the strongest line at room 
temperature. 
Calcium sulfite was stable in nitrogen up to 1250°P but 
then started to transform to a mixture of calcium sulfide and 
calcium sulfate. At 1300°P and above, no calcium sulfite 
structure could be detected. Traces of calcium oxide were 
detected at 1300 to 1325°F but then could not be detected 
when the temperature was raised to 149^°F. At l680°F the 
sulfide-sulfate mixture began to decompose and it separated 
from the sample holder. 
The a-g transition of Insoluble anhydrite was observed 
with high temperature X-ray diffraction by heating a sample 
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Table 10. Principal X-ray lines during calcium sulfite 
transformation to sulfide and sulfate 
Relative intensity to strongest peak, % 
Component {fol) 3-CaSOn (100) 
d, A° CaSO^loO) CaS0o(5) CaS(68) CaO(lOO) 
Temperature, 2.57-2.59 3.50-3.56 2.01-2.04 2.41-2.43 
75 100 28 0 0 
75 100 16 0 0 
300 82 30 0 0 
615 89 30 0 0 
1050 76 29 0 0 
1250 44 75 41 0 
1300 0 100 20 3 
1325 0 100 21 4 
1495 0 100 19 0 
1680 0 100 24 0 
of anhydrous calcium sulfate in a stagnant air atmosphere. 
Thermal decomposition was retarded by the oxygen from air 
and the decomposition products remaining in the stagnant 
atmosphere. The principal lines that appeared during the 
high temperature run are given in Table 11 along with their 
relative intensities. The 3-calclum sulfate (P-lnsoluble 
anhydrite) structure was stable up to 2l45°P but gradually 
disappeared at higher temperatures and could not be detected 
above 2200°?. On the other hand a-calcium sulfate appeared 
abruptly at 2l6o°F on heating and disappeared abruptly at 
2170°? on cooling. The a-calcium sulfate structure predomi­
nated above 2200°? and was stable when taken up to 2470°?. 
Table 11. Principal X-ray lines during a-p calcium sulfate polymorphic trans­
formation 
Relative intensity to strongest peak, percent 
Component i%l) 3-CaSOi, (100 ) a-CaSO), (lOO) CaO(lOO) 
Temperature, °P J.'^9-3.5b 3.BB-3.91 
75 100 0 0 0 
1500 100 0 11 0 
1750 100 0 13 0 
1925 100 0 15 0 
2020 100 0 17 0 
2075 100 0 6 0 
2125-2205 0 100 0 0 
2210 0 100 0 0 
2160-2090 12 100 15 0 
2075 100 0 25 0 
2085 100 0 
2095 100 0 — — — — — — 
2100 100 0 •M» —« mm — 
2115 100 0 — " " — —• — 
2125 100 0 — — 
2135 100 0 
2145 100 0 18 mm mm mm 
2160 25 100 — — «M* mm 
2170 16 100 — — — — H W 
2175 5 100 —  — —  — 
2200 8 100 —» am mm mm 
2200-2230 0 100 0 0 
2295 0 100 0 0 
2345-2390 • 0 100 — — — — — — 
2410 0 100 0 0 
Table 11 (Continued) 
Relative Intensity to strongest peak, percent 
Component (%1) p-CaSOr^lOO) a-CaSOj, (100) GaO(lOO) 
op 
2470-2330 0 100 0 0 
2270-2235 0 67 0 
2210 0 100 — — 
2190-2175 0 100 — — 
2170 100 0 — ——— 
2165 100 0 ——— — 
2160 15 0 100 21 
1855-1620 8 0 42 100 
1490-1200 19 0 20 100 
1010-620 0 .0 .9 100 
620-465 10 0 7 100 
430-170 9 0 5 100 
lo6 
But when P-calcium sulfate appeared again on cooling at 2170°F 
it "began to decompose rapidly to form calcium oxide. On 
further cooling, sulfur recombined with the oxide to form 
calcium sulfide. 
The X-ray diffraction patterns that were obtained from 
p-calcium sulfate are given in Table 12. The observed values, 
that is uncorrected, can be compared with the ASTM values 
that have been accepted as standard. Thermal expansion of 
the crystal can be seen by the increase in lattice spacings 
at 2075°P. 
The X-ray diffraction pattern from a-calcium sulfate at 
2210°P is given in Table 13. These data were taken directly 
from the diffraction scan and were not corrected for 
diffractometer error. Most of the d-spacings greater than 
^.5 Angstroms were very difficult to determine because of the 
high background noise that was present in the signal in that 
region. The crystal structure was assumed to be orthorhomblc 
and then the indices and lattice constants were estimated. 
This was accomplished by using the systematic Lipson method 
described by Klug and Alexander (22) for a three parameter 
powder pattern. Then the unit cell dimensions and theoretical 
density were estimated from the uncorrected diffraction data. 
The unit cell dimensions for p-CaSO^ were also estimated from 
uncorrected data at 207^°F to be compared. Table 1^. 
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Table 12. X-ray diffraction patterns of P-insoluble 
anhydrite 
(ASTM 77°P) (75°F) (2075°?) 
3--CaSO^ g. -CaSO^ P--CaSO^ 
Eel. J Eel. Eel. 
Indices 0. intensity V CL intensity d intensity 
hkl A° fo A° 7o A° 
111 3.87 6 3.90 6 4.02 4 
002,020 3.498 100 3.49 100 3.56 100 
200 3.118 3 2.99 6 3.31 7 
210 2.849 33 2.85 28 3.00 20 
121 2.797 4 
022 2.473 8 2.47 5 2.51 5 
202,220 2.328 22 2.31 10 2.41 6 
212 2.208 20 2.20 20 2.29 3 
103 2.183 8 2.23 4 
113 2.086 9 2.08 11 2.10 3 
301 1,993 6 1.99 4 
222 1.938 4 
230 1.869 15 1.86 9 1.91 7 
•123 1.852 4 
004 1.749 11 1.75 6 1.78 4 
040 1.748 10 1.76 5 
232 1.648 14 1.65 6 1.69 3 
Table 13. X-ray diffraction pattern of a-insoluble an­
hydrite at 2210°F and proposed indices 
d Bel, intensity Proposed indices 
percent hkl 
5.640 15 001 
5.400 12 010 
5.304 11 unidentified 
5.007 12 100 
4.457 .30 Oil 
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Table 13 (Continued) 
d 
• 
Eel. intensity 
percent 
Proposed indices 
hkl 
3.896 100 101 
2.976 16 002 
2.839 4 unidentified 
2.550 52 102 
1.931 12 202 
1.661 2 300 
1.627 2 131 
1.536 2 032 
1.467 2 132 
Table 14. Estimate of calcium sulfate cell dimensions and 
density at high temperatures 
Mol. 
per Density 
Cryst. Temp. Cell dimensions,A unit gm/cc 
Component structure A B C cell 
P-CaSO. orthorhombic 77 6 .22 6 .96 6 .97 4 2.96 
P-CaSOr orthorhombic 2075 6 .53 7 .04 7 .12 4 2.76 
Qt—CaSO 1. orthorhombic 2210 5 .01 5 .38 5 .93 2 2.83 
(assumed) 
The main distinction between the crystal structures 
was that P-calcium sulfate had four molecules per unit cell 
whereas the high temperature a-calcium sulfate had only two 
molecules per unit cell. This would indicate a more orderly 
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structure for a-calcium sulfate. Also the alpha form is more 
compact as indicated by the higher density. 
Decomposition Near Equilibrium 
The equilibrium decomposition pressure of sulfur dioxide 
and oxygen above calcium sulfate has been measured many times, 
as discussed earlier. But not all investigators have ob­
served two equilibrium decomposition pressure curves nor have 
they directly linked the two curves with the alpha and beta 
forms of calcium sulfate. The most pertinent evidence was 
observed by Dewing and Richardson (9) with their differential 
thermal analysis apparatus. They observed the transformation 
to a-calcium sulfate first, then observed the low decomposi­
tion pressure curve. 
Most decomposition equilibrium studies have just dealt 
with the tjiermal decomposition of calcium sulfate. But an 
industrial process to recover sulfur from calcium sulfate 
would probably use reductive decomposition for partial re­
moval of oxygen. Therefore it would be advantageous to know 
the equilibrium limits in the reductive decomposition of 
calcium sulfate. The most applicable equilibrium data, for 
reductive decomposition was measured by Zawadski (46) for 
the equilibrium decomposition pressure above calcium sulfate 
with the reducing agent calcium sulfide. One condition which 
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was: inherent in that system was an excess of reducing agent 
which reduced some of the sulfur dioxide to elemental sulfur. 
Nevertheless, the equilibrium partial pressure of sulfur 
dioxide and elemental sulfur above calcium oxide was de­
termined. 
The gaseous reductive decomposition of calcium sulfate 
could conceivably be carried out so there was not a large 
excess of reducing agent. That is, carbon monoxide or 
hydrogen could theoretically be provided at such a rate that 
only sulfur dioxide would be produced without further re­
duction to elemental sulfur and solid sulfides. 
The objective of the experiments performed in this area 
was merely preliminary in nature. A flow reactor was tested 
briefly to demonstrate its use with chromatographic gas 
analysis to study thermal and reductive decomposition near 
equilibrium. 
Apparatus 
• The apparatus tested for decomposition near equilibrium 
consisted of a fixed bed of calcium sulfate with an extremely 
low flow of gas passing through it, Figure 27, The flow of 
gas carried the gaseous decomposition products to a gas 
chromatograph sample loop for analysis. Then if desired, a 
reducing gas, carbon monoxide or hydrogen, could be introduced 
INLET GAS CALCIUM SULFATE TO CHROMATOGRAPH 
EXPANDED 
ZIRCONIA THERMOWELL 
b'Vi' 
it // 
10.5" 4.0 12.5 
Figure 2?. Plow reactor for decomposition of calcium sulfate near equilibrium 
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with the entering gas stream to study reductive decomposition 
near equilibrium. 
The chromatographic arrangement used was the one de­
scribed by Bobbins, et (31). Three columns were operated 
in series with, two operating at and the other at room 
temperature. The system was capable of separating carbon 
dioxide, hydrogen sulfide, sulfur dioxide, hydrogen, oxygen, 
nitrogen, methane, and carbon monoxide from one sample. 
The first column was 20 ft. long and had an outside 
diameter of 1/4- in. and it was packed with 10 percent dibutyl 
sebacate on 20/80 mesh Pluoropak. It could separate carbon 
dioxide, hydrogen sulfide and sulfur dioxide from the other 
components. The peaks were detected by the reference side 
of a thermal conductivity cell. 
The second column, a forecolumn trap, was 11 ft. long 
by l/k in. outside diameter packed with 25 percent potassium 
hydroxide on 30/6o mesh Chromosorb W. The potassium hy­
droxide permanently absorbed, the components separated on the 
first column but the intersticial volume of the second column 
let the other components enter the third column at the proper 
time. 
The third column, was 7 ft. by 1/k in. outside diameter 
packed with 14/30 mesh Type 13X molecular sieves. It was 
activated for 12 hours at 300°C and separated hydrogen, oxy­
gen, nitrogen, methane, and carbon monoxide. The peaks were 
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detected by the sample side of the thermal conductivity cell. 
A continuous chromâtogram was obtained by reversing the 
polarity of the detector signal when a peak passed through 
the reference side of the detector. 
Procedure 
Calcium sulfate samples were prepared from the same lot 
of gypsum used in the adsorption determinations. The 2^28-
mesh size was heated to 1500°P for three hours to insure 
complete dehydration. Then a combustion tube was partially 
filled with hollow zlrconia granules followed by a ^  inch 
long bed—Of the anhydrous calcium sulfate. An alumina therm-
owell and a double bore insulator were set on the calcium 
sulfate bed then the remainder of the combustion tube was 
filled with zlrconia granules while holding the tube vert­
ically. The end of the tube was sealed with a neoprene or 
silicone rubber stopper. The reactor was then placed hori­
zontally in a combustion tube furnace with the bed of calcium 
sulfate in the hot zone, supposedly isothermal. 
'The gas feed was taken from a cylinder under pressure 
and its flow was controlled by a pressure regulator and a 
Matheson Number 15I microflow valve. A gas flow of 0.5 to 
2 ml/mln. was allowed to pass through the reactor. For • 
thermal decomposition, prepurifled nitrogen was used, but 
for reductive decomposition.a mixture of prepurifled nitrogen 
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and carbon monoxide was used. A gas flow rate of 1 ml/min. 
allowed about 25 minutes for the gas to pass through the bed. 
Thus steady state operation was reached after four to ten 
hours. 
The effluent gas stream from the reactor was carried 
continuously by a 1/8 in. copper tube to a 0.8 ml sample 
loop. Then at will, the flow pattern could be changed to 
flush the contents of the sample loop into the chromatograph. 
After five seconds the flow pattern was turned back to 
normal operation. Thus the inlet flow to the reactor was 
not interrupted. The furnace temperature was measured with, 
a chrome1-alumel thermocouple and a potentiometer. 
The composition of the, effluent gas was determined from 
the area under the chromatogram peaks. First the peak height 
times the width of the peak at half height was multiplied by 
a calibration factor to determine the corrected peak area of 
a component. Then this corrected peak area was divided by 
the total corrected area of the peaks to determine the volume 
percent. The calibration factors were determined from the 
relative response of each component. Pure components were 
used for the calibration. 
Results 
Since the study was preliminary in nature, only a few 
data were obtained. First prepurified nitrogen was passed 
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through the reactor to measure the thermal decomposition 
pressure. At first the decomposition pressure followed the 
higher of the two equilibrium curves noted by other investi­
gators, and even exceeded their values for a while, Figure 
28. Then upon standing at 2270°P for several days the de­
composition pressure began to drop. When the temperature 
was lowered- the results were still lower than before. Then 
the sample was lowered to 1950°? to see if the pressure would 
go back to the upper curve. But it did not go up. The 
entire run caused about 25 percent decomposition of the 
solids. A change in nitrogen flow rates did not change the 
results so.it appeared that the system was near equilibrium. 
Next mixtures of nitrogen and carbon monoxide were 
o passed through the reactor at 2170 F and no carbon monoxide 
was detected in the effluent stream Table 15- Most of it 
had been used for production of sulfur dioxide as indicated 
by the carbon dioxide and sulfur dioxide content being nearly 
equal in the effluent stream. An analysis of the solids 
after the run showed no detectable sulfide present. 
Theoretically a sulfur dioxide concentration up to 0.5 
to 0.6 atmosphere could be produced leaving pure calcium 
oxide as long as no reductants appeared in the effluent 
stream. This would be the equilibrium pressure where sulfur 
dioxide would combine with calcium oxide. Any excess re­
ductants would produce elemental sulfur and calcium sulfide. 
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Figure 28. Thermal decomposition pressure of calcium sulfate 
near equilibrium 
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Table 15. Gaseous reductive decomposition of calcium sulfate 
near equilibrium at 2170OP 
Inlet stream Exit stream 
^ Og ^ CO ^ Og ^ Ng # COg i S02 
0.30 93.95 5.75 0.14 91.70 4.61 3.50 
0.14 83.56 16.30 0.03 72.73 14.49 12.75 
0.11 73.49 26.39 0.01 57.82 22.24 19.92 
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DISCUSSION OP POLYMORPHISM 
Polymorphism is the phenomenon whereby a crystalline 
material can exist in a number of crystalline forms de­
pending on the temperature, pressure, and the presence of. 
impurities. The general theory and results of polymorphic 
transformations was discussed quite clearly by Hauth (18). 
Much of his discussion can be applied to the stability of 
calcium sulfite and the alpha and beta forms of calcium 
sulfate. 
For a given crystalline material only one structure is 
thermodynamlcally stable over a certain range of temperature 
and pressure. Any other modification will eventually trans­
form to the stable structure, usually by starting at the 
crystal boundaries. The rate at which the transformation 
proceeds depends on the type of structural change necessary. 
In general there are two types of transformations. One is 
a rapid type which occurs almost instantaneously and in­
volves only a slight structural change. The other is sluggish 
and involves a greater structural change. 
The most stable form of a crystal is that which has the 
r-' • 
least free energy. The structure of the most stable form 
will have the lowest lattice energy combined with the ability 
to accomodate the thermal agitations. At low temperatures 
the lowest lattice energy determines the structure but at 
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high temperatures the ability to keep bonds from breaking 
by thermal agitation becomes Increasingly importait. At 
high temperatures a solid may transform to a structure which 
would allow for the high thermal agitation while maintaining 
strong bonds. 
One can thus visualize why a polymorphic transformation 
occurs and why a definite transformation temperature exists. 
At very low temperatures there is little vibration of the 
atoms in a solid but as the temperature increases the vibra­
tions increase. This creates a strain in the solid. In 
some cases the bonds are disrupted so the solid melts or 
vaporizes or decomposes. However, if there is an alternate 
structure which can resist the thermal vibrations at the 
high temperature, the original structure will transform to 
it. The new structure will then be stable and will have 
much less tendency to let the agitations disrupt the bonds. 
That is, the new structure will lower the vapor pressure or 
the decomposition pressure of the solid. Therefore, on 
heating, the transformation temperature is that temperature 
where an alternate structure can exist which would more 
strongly resist the tendency of vibrations to disrupt the . 
bonds. 
As mentioned before there are two main types of trans­
formations. The rapid transformation is usually complete 
within a few seconds after the transformation temperature is 
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reached. The transformation is reversible and the energy 
difference.between modifications is relatively small. Also 
the transformation does not proceed from nuclei but occurs 
throughout the whole, crystal at once, provided it is en­
tirely at the proper temperature. The new structure merely 
Involves a distortion of the bonds. 
The sluggish type of transformation is characterized 
by a very slow rate of change and involves a breakup of the 
original structure and formation of the new one. It usually 
proceeds inward from the surface of a crystal and the re­
arrangement of atoms generally takes considerable time. 
There are some cases where the vapor pressure or decomposi­
tion pressure is high enough to transport ions to the new 
structure through the vapor phase. In most cases the 
presence of a fluxing agent accelerates the change. 
The foregoing discussion would suggest that a modified 
crystal structure could not exist far removed from its 
stable temperature range. On the contrary some structures 
can be stablized to remain hundreds of degrees away from 
their stable range of temperature. One useful theory is 
that stabilization can be brought about by inclusion of im­
purity atoms or ions into the structure. 
Inclusion in the form of solid solution is proposed to 
occur in three possible ways. First is the addition of extra 
ions, atoms, or molecules into the crystal structure. Second 
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is the substitution of larger or smaller ions into the 
structure in place of regular ones and the third is the 
omission of ions from the structure. 
Addition solid solution can take place only when an 
opening exists in the crystal lattice of a size comparable 
to that of the atom or ion available for solid solution. 
The open type, that is less dense, structures would have 
considerably more capacity for inclusion of impurities by 
addition solid solution than the closed type, that is more 
dense, structures. Thus, if a large number of impurity 
atoms were added to an open modification the addition solid 
solution may resist or retard the formation of a more com­
pact structure. 
Inclusion of impurities by substitution solid solution 
may also affect structure stability but generally not as 
significantly as addition solid solution. The stabilization 
effect would be related to the difference in size between the 
original and the substituting ion or atom. An ion of larger 
size than the original would tend to stabilize the open type 
structure, whereas an atom of smaller size than the original 
would tend to stabilize the closed type structure. 
Omission solid solution would tend to have a greater 
compacting effect than substitution of small ions. In general 
the omission solid solution would increase the range of sta­
bility of the closed, that is dense, type structure. 
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Now the Instability of the calcium sulfite structure can 
be more readily visualized. When the temperature of calcium 
sulfite is raised to 1250°F the thermal agitation becomes so 
great that the ions can no longer remain in the- sulfite 
structure. Instead the sulfur and oxygen atoms rearrange to 
the more stable sulfate and sulfide structures. In the 
strictest sense, probably this transformation should not be 
called a polymorphic transformation since the end product is 
a mixture of two stable structures rather than just one. 
Nevertheless, the discussion on polymorphism lends itself 
to the situation. The transformation is sluggish and re­
quires a complete rearrangement of the structure. The trans­
formation takes a number of minutes to occur when the trans­
formation temperature is first reached. The sulfide and 
sulfate structures would be more stable than the sulfite at 
lower temperatures but at low temperatures there is not suf­
ficient thermal agitation to bring about the change. 
At temperatures ,around 2000°F, the calcium sulfite 
structure would be much,less stable. When sulfur dioxide is 
adsorbed on calcium oxide the adsorbed phase may well toler­
ate the thermal agitation. But as soon as sulfur dioxide 
enters into the solid phase it will probably rearrange 
rapidly to the sulfide and sulfate structures. 
Now let us consider the important alpha-beta polymorphic 
transformation of calcium sulfate near 2170°F. The X-ray 
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diffraction data indicated that the transformation took from 
several minutes to an hour to occur when the transformation 
temperature was first reached. But, the decrease in de­
composition pressure noted "by Zawadskl (46) at 2210°F did 
not reach completion after 30 hours at that temperature so 
it is not clear whether the transformation is the rapid or 
sluggish' type. 
The high temperature X-ray diffraction data indicates 
that the low temperature beta form is a more open structure 
than the high temperature alpha form, that is the beta form is 
less dense than the alpha form. In the preceding discussion 
it was noted that omission solid solution tended to stabilize 
a dense structure. Partial decomposition may be one form of 
omission solid solution which would tend to stabilize the 
alpha form of calcium sulfate which has a lower decomposition 
pressure. 
Some investigators observed only a high decomposition 
pressure curve while others observed only a low decomposition 
pressure curve. In this regard it may be noted that the exper­
imenters who observed the low equilibrium decomposition pres­
sure usually worked with partially decomposed calcium 
sulfate. On the other hand, the experimenters who observed 
only the higher decomposition pressure may have used 3-calcium 
sulfate which was stabilized by impurities or may have always 
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studied the pressure below the transition temperature. The 
addition of slagging materials to calcium sulfate generally 
promoted high decomposition pressures. Notably silica and 
kaolin had the greatest effect. Possibly these agents 
entered into the structure by addition solid solution or 
substitution solid solution to stabilize the more open |3-
calcium sulfate which had,a higher decomposition pressure. 
These agents, of course, will react with calcium oxide to 
form silicates and aluminates and this itself would tend to 
increase the decomposition pressure. 
If the alpha form of calcium sulfate is more stable at 
high temperatures and has a lower decomposition pressure, 
then presumably the alpha form would also be less reactive. 
Wheelock (42) observed a sharp decrease in the rate of re­
ductive decomposition when the reaction temperature exceeded 
2275° to 2300°P. This may have been the temperature range 
where the transformation rate to a-calcium sulfate was 
appreciable for the samples he used. Gypsum from the same 
lot was used in the preliminary measurements of decomposition 
pressure reported here. Initially the high decomposition 
pressures were noted but after sitting for a long time at 
2270°P the pressure dropped about halfway towards the lower 
of the two pressure curves that other investigators observed. 
Higher temperatures may lower the decomposition pressure more 
rapidly but that was not investigated. A greater degree of 
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decomposition might also promote the lower pressures but 
that was not investigated either. 
High temperature X-ray diffraction data indicated that 
when calcium sulfate was heated above the transition temper­
ature and then cooled to just below the transition tempera­
ture, the alpha calcium sulfate disappeared abruptly and the 
formation of beta calcium sulfate initiated rapid decomposi­
tion. :This suggests an interesting hypothesis that cycling 
calcium sulfate up through the transition and then back again 
might stimulate a high rate of decomposition. 
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PROPOSED REACTION MECHANISM OF REDUCTIVE DECOMPOSITION 
The underlying purpose of the theoretical considerations 
and experimental investigations has been to reveal what steps 
are involved in the reductive decomposition of calcium sul­
fate near 2200°F and how important each step is. Any chemi­
cal reaction involves certain reactants and certain products 
but the rate of reaction may depend strongly on the inter­
mediates formed in the course of producing the desired end 
product. The difficulty in studying a reaction mechanism 
depends on how many intermediates are involved and how amen­
able each intermediate is to experimental Investigation. 
The reductive decomposition of calcium sulfate Is difficult 
to study on both counts. 
General Steps in Mechanism 
According to modern theories of solid decomposition, the 
rate of decomposition depends on the nucleation and growth 
of solid product nuclei (5j 19)• This can explain the in­
duction period followed by a fast rate of decomposition of 
many solids. But the nucleation theory does not explain the 
entire picture of what happens during decomposition. Instead 
the nucleation theory explains decomposition from the stand­
point of production of the solid product. In actuality the 
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steps simultaneously produce a gaseous product and a solid 
product when the solid reactant decomposes. Therefore, de­
composition should also be viewed from the standpoint of 
production of a gaseous product. Let us call this the sorp­
tion theory. Then a combination of the nucleation theory and 
the sorption theory should more completely define the mech­
anism, Table l6. 
Gaseous reductive decomposition involves a gaseous re­
actant such as hydrogen or carbon monoxide which removes 
oxygen from the solid reactant. This could involve all 
eight general steps in the mechanism as the decomposition is 
initiated and carried to completion. The surface reactions 
essentially produce a supersaturated solution of the gaseous 
product in the adsorbed phase. According to Bretznajder (5), 
the amount of supersaturation is proportional to the differ­
ence between the equilibrium pressure of the gaseous product 
with the solid product and the partial pressure of the gaseous 
product in the gas phase. 
In thermal,decomposition a supersaturated condition of 
the solid reactant is brought about by elevating the tempera­
ture of the solid reactant and allowing the equilibrium 
pressure of the gas product to be greater than the partial 
pressure of the gas product in the bulk gas phase. Thermal 
decomposition of a solid does not use a gaseous reactant and 
only involves Steps 4A, 4B, and 5 in the reaction mechanism. 
C ! 
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Table l6. General steps In reaction mechanism of gaseous 
reductive decomposition of solids 
Step 
number 
Sorption theory 
Basis: Gaseous components 
Nucleation theory 
Basis: Solid product 
1 Diffusion of gaseous re-
actants to solid re-
actant interface 
2A Adsorption of gaseous re-
actants on solid reactant 
. surface 
3A Surface reaction at solid 
reactant surface 
^-A Desorption of gaseous 
products directly to gas 
phase 
Nucleation of solid 
product nuclei 
2B Adsorption of gaseous re­
actant s on solid reactant-
product interface 
3B Surface reaction at solid 
reactant-product interface 
4B Desorption of gaseous 
products to solid product 
surface 
Growth of solid 
product nuclei 
5 Diffusion of gaseous 
products to bulk gas stream 
According to Bretsznajder's (5) nucleation theory, a 
stable solid product nucleus is formed by the accumulation 
of a number of solid product molecules by random density 
fluctuations in the system. According to the proposed sorp­
tion theory, solid product "embryo" or "germ" nuclei are 
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formed by gas product molecules desorbing directly Into the 
gas phase. The cause and effect relationship between product 
desorption of the gas product and nucleatlon of the solid 
product is so close that the steps should be considered to­
gether in light of existing experimental evidence, Step 4A. 
This is also the case for indirect desorption of gas product 
and crystal growth of solid product, Step 4B. 
The desorption of gas product directly to the gas phase 
(direct desorption) and nucleatlon of the solid product will 
be exponentially dependent on supersaturation, Step 4A. The 
desorption of a gas product to the surface of nuclei (in­
direct desorption) and growth of solid product nuclei will 
be linearly dependent on supersaturation, Step If the 
direct desorption and nucleatlon are markedly slower than the 
indirect desorption and growth rate, the reaction may appear 
to be autocatalytic. That is, there may be an induction 
period when the gas desorbs directly and nuclei are being 
formed. But after sufficient nuclei are formed, the product 
gas will desorb rapidly onto the surface of the nuclei and 
then to the gas phase causing rapid growth of nuclei. Thus 
the reaction rate will Increase sharply as for an autocatalyt-
ic reaction. Other situations could also cause an autocatalyt-
ic effect, in reductive decomposition of a solid. One example 
is a strong adsorption of a reactant gas on the product sur­
face which would increase adsorption and reaction rates at the 
solid reactant-product Interface, Steps 2B and 3B. But again 
the initial formation of the reactant-product Interface, where 
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the high adsorption took place, would depend on the solid 
product nucleation rate. 
Formation of Calcium Oxide 
Now let us consider the reaction mechanism of the re­
ductive decomposition of calcium sulfate near 2200°P. The 
following discussion will include the results from Wheelock's 
kinetic studies (42) combined with the results found in the 
present investigation. Most of the information available 
is for the reductive decomposition with carbon monoxide but 
the basic principles should extend directly to reductive de­
composition with, hydrogen. 
" 
First of all, Wheelock noticed that the reaction with 
carbon monoxide appeared to be autocatalytic when sulfur 
dioxide was present. That is, there was an induction period 
followed by an increase in reaction rate. This suggests the 
possibility that the direct desorption of sulfur dioxide and 
nucleation of calcium oxide could have controlled the initial 
rate. But after sufficient, nuclei were formed, the indirect 
desorption and growth rate may have been much more rapid. In 
fact it could have been so rapid that it would not control the 
reaction rate. On the other hand, when no sulfur dioxide was 
present in the reducing gas, the reaction started rapidly and 
continued at the same rate until decomposition was nearly 
complete. In that case the direct desorption of sulfur 
dioxide and nucleation of calcium oxide was probably rapid 
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enough so that It did not control the reaction. With this 
general picture in mind, the importance of each step in the 
mechanism can be evaluated in light of the experimental evi­
dence available. 
If we assume that direct desorption and nucleation, 
Step ^A, controls the initial rate, then we can also assume 
that each preceding step would nearly reach equilibrium. 
This would mean that the diffusion resistance would be neg­
ligible and the carbon monoxide pressure at the gas-solid 
interface would be the same as in the bulk gas phase. Ac­
cording to adsorption measurements, carbon monoxide will not 
adsorb appreciably on calcium sulfate so the carbon monoxide 
may proceed directly to the surface reaction. This would 
involve a gaseous molecule of carbon monoxide and an oxygen 
molecule in the calcium sulfate surface. The product of the 
reaction would be a compound of sulfur dioxide and carbon 
dioxide adsorbed on calcium oxide, Equation 50» Then carbon 
CO + CaSO^ > CaO'SOg'COg (50) 
dioxide would probably desorb rapidly. Equation $1. This 
CaO'SOg'COg > CaO'SOg + 00% (51) 
step is supported by the fact that carbon dioxide did not 
have any appreciable effect on the initial rate. Then comes 
the controlling step of the direct desorption of sulfur 
dioxide and formation of calcium oxide nuclei, Equation 52. 
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According to Bretsznajder (5) the rate of formation of nuclei 
CaO'SOg——> CaO + SOg (52) 
can be correlated with the supersaturation of the sulfur 
dioxide adsorbed on calcium oxide. The supersaturation would 
be the difference between the equilibrium pressure of sulfur 
dioxide above calcium oxide and the partial pressure of sulfur 
dioxide in the bulk gas stream. High temperature adsorption 
measurements indicated that the equilibrium pressure of sulfur 
dioxide above calcium oxide was the same as the equilibrium 
sulfur dioxide partial pressure above a mixture of calcium 
sulfide,, calcium sulfate, and calcium oxide. The equilibrium 
data obtained by Zawadskl (46) was shown earlier. By extra­
polation, the equilibrium partial pressure of sulfur dioxide 
above calcium oxide at 2200°P is found to be 4-95 mm Hg. If 
the assumptions are valid, possibly the nucleatlon rate 
equation that Bretsznajder (5) used would correlate the 
initial rate of decomposition with the sulfur dioxide partial 
pressure In the bulk stream. Equation 14. 
The data obtained by Wheelock (42) for the initial rate 
of decomposition of calcium sulfate was correlated with the 
nucleatlon equation by assuming that the total pressure in 
the reactor was 74-0 mm Hg, Figure 29. The trend of the data 
is correlated quite adequately by the equation. One inter­
esting observation is that the nucleatlon rate is considerably 
more dependent on supersaturation for the lower concentration 
of carbon monoxide. If the trend continued, then with no 
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nucleation equation 
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carbon monoxide the presence of very slight amoimts of sulfur 
dioxide would sharply lower the rate of formation of calcium 
oxide nuclei. This is indeed what Wheelock noticed about 
the rate of thermal decomposition of calcium sulfate, that 
is without any reductahts. Most' likely the presence of oxygen 
gas in the system gives this effect. At four percent carbon 
monoxide, sulfur dioxide had very little affect on the initial 
rate. Thus nucleation apparently controlled the initial re­
action rate only when less than four percent carbon monoxide 
was present. 
One of the most unusual observations about the slow ini­
tial rate of reductive decomposition was that an increase in 
gas velocity around the particles reduced the decomposition 
rate. According to the proposed mechanism, possibly some 
sulfur dioxide was being reduced to elemental sulfur at the 
surface. This, in effect, would decrease the concentration of 
sulfur dioxide.at the interface. Since sulfur dioxide was 
present in the gas stream a higher flow rate could have in­
creased the concentration of sulfur dioxide at the surface. 
A higher concentration of sulfur dioxide at the surface would 
retard the direct desorption of sulfur dioxide and nucleation 
of calcium oxide. 
After a sufficient number of calcium oxide nuclei were 
formed, the rate of decomposition increased. Presumably the 
surface of the calcium oxide nuclei provided a.rapid route 
for the desorption of carbon dioxide and sulfur dioxide and 
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gave rapid growth of the nuclei. The calcium oxide surface 
could also enhance the diffusion of carbon dioxide and sulfur 
dioxide out of the particles by surface diffusion. Evidently 
the desorption rate was so rapid that it was controlled by 
the diffusion, of carbon monoxide into the oxide-sulfate 
interface. This was shown by a high dependence of the rate 
on gas velocity, particle size, and carbon monoxide concen­
tration but no appreciable dependence on the sulfur dioxide 
c one entration. 
Thus under certain conditions where the reaction rate 
was autocatalytic, the initial rate was controlled by nuclea-
tion and direct desorption, Step No. 4A and the maximum rate 
was controlled by reactant diffusion, Step No. 1. In a dif­
ferent reactor where the gas velocities were lower, the entire 
rate could conceivably be controlled by diffusion of carbon 
monoxide. The heat required for the overall reduction and 
decomposition of calcium sulfate with carbon monoxide is 39 
kcal/g. mole, according to Wheelock's calculations. And ac­
cording to equilibrium measurements, the desorption of sulfur 
dioxide and formation of calcium oxide requires 66 kcal/g. 
mole. Therefore, the Initial reaction of carbon monoxide 
with calcium sulfate to produce carbon dioxide and ad­
sorbed sulfur dioxide would give off 27 kcal/g. mole. 
So far, no mention has been made concerning heat trans­
fer. This could be an important consideration since the 
overall decomposition reaction is endothermic. Heat trans­
port from the outside to the surface of the particles could 
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occur by convection and radiation but through the solid 
particle would take place mostly by conduction. 
The reaction temperature strongly affected the initial 
decomposition rate when the reaction was autocatalytic in 
nature. However, the temperature had less effect on the 
maximum decomposition rate. This is in agreement with the 
proposed reaction mechanism. When the reaction temperature 
exceeded 2270°F, the maximum rate fell off sharply. Accord­
ing to X-ray diffraction and differential thermal analysis 
measurements, calcium sulfate could transform from the beta 
to the alpha crystalline structure at these temperatures. 
A more stable calcium sulfate could have been slower tjo re­
act at surfaces where carbon monoxide reduced the calcium 
sulfate. 
Formation of Calcium Sulfide 
The reaction temperature also affects the undesired pro­
duction of calcium sulfide. In general, Wheelock found that 
calcium sulfide was readily produced at 2100°F and below but 
could be more easily avoided when the temperature was near 
2200°F. Also when carbon dioxide was present in higher con­
centrations than carbon monoxide, the production of calcium 
sulfide was suppressed. Whenever calcium sulfide was pro­
duced it was stable in a reducing atmosphere and limited the 
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complete recovery of sulfur from calcium sulfate. Therefore, 
It is Important to understand how calcium sulfide is formed 
and how its production can be limited. 
According to the proposed reaction mechanism, the most 
stable intermediate in the reductive decomposition is sulfur 
dioxide adsorbed on calcium oxide. This intermediate can 
also be produced by adsorbing sulfur dioxide from the gaseous 
phase onto calcium oxide. Apparently, adsorbed sulfur dioxide 
can be reduced to elemental sulfur adsorbed on calcium oxide, 
Equation 53. Then the adsorbed sulfur could be further re-
CaO'SOg + 2C0 > CaO-S + 200? (53) 
duced to form calcium sulfide,.Equation 5^ « Supposedly the 
CaO-S + CO > CaS + CO^  (54) 
.elemental sulfur could attack the calcium oxide to form 
calcium sulfide and sulfur dioxide. However, this seems less 
probable in the system studied since it would require a con­
centration of adsorbed sulfur and would involve the reaction 
of several molecules at one time. 
The formation of sulfide by the proposed mechanism could 
be suppressed by carbon dioxide in several different ways. 
Probably the most important function of carbon dioxide is 
that it will adsorb on the calcium oxide surface and at high 
concentrations could displace adsorbed sulfur dioxide and ad­
sorbed sulfur. In addition, carbon dioxide could shift the 
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equilibrium so it would be less favorable for the reduction 
reactions which produce the sulfur and sulfide, Equations 
53 and ^ 4. 
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SUMMARY 
Mathematical relationships between adsorption and chrom­
atography indicated the. following: 
a. The amount adsorbed at the peak pressure of a 
chromatogram is proportional to the retention time 
of the leading edge times the peak pressure, after 
correcting for retention in the dead volume. 
b. When peak tailing is described by a non-linear 
Preundlich isotherm, the peak height times peak 
width at half height is directly proportional to 
the sample size. In the same situation the peak 
height alone is a straight line function of the 
sample size on a log-log plot. 
An examination of adsorption isotherms has indicated the 
following:• 
a. Several widely used isotherm equations can be re­
duced to one generalized equation. The generalized 
equation can be used for correlation by itself or 
can be used as a guide to the selection of one of 
the other isotherm equations. 
b. A heterogeneous distribution of activity on a 
surface can lower the slope of the adsorption 
isotherm at a given surface coverage. The Chakra-
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vartl-Dhar isotherm allows for this effect with a 
fractional exponent on the adsorbate pressure term. 
Adsorption measurements by pulse flow chromatography from 
room temperature up to 2200°P has shown the following: 
a. The surface area of calcium sulfate, calcium oxide, 
and calcium sulfide after high temperature treatment 
2 
was usually 0.2 to 1 ra /g. as determined from ad­
sorption of butane at room temperature. 
b. Adsorption of sulfur dioxide on calcium sulfate was 
o 
measured up to 1200 P. The heat of adsorption was 
3 to 8 kcal/g mole. 
c. No significant adsorption of carbon monoxide, hydro­
gen, carbon dioxide, or oxygen on calcium sulfate 
was detected. 
d. Adsorption of carbon dioxide on calcium sulfide in­
creased with, temperature up to 1000°?. The decrease 
in adsorption above that indicated a heat of adsorp­
tion _of 5 kcal/g mole. 
e. Adsorption of sulfur dioxide on calcium sulfide was 
appreciable and yielded elemental sulfur above 1000°F. 
f. No adsorption of hydrogen, or carbon monoxide on 
calcium sulfide could be detected. 
g. Adsorption of carbon dioxide on calcium oxide could 
be measured above 1200°?. The adsorption equilibrium 
14'1 
constant was closely related to the decomposition 
pressure of calcium carbonate Indicating a heat 
of adsorption of 37 kcal/g mole. 
h. The decomposition pressure of calcium carbonate 
could be measured from the flattened peak'height 
of adsorption chromatograms produced with large 
carbon dioxide samples on calcium oxide. 
i. Adsorption of sulfur dioxide on calcium oxide could 
be measured above 1700°? indicating a heat of ad­
sorption of 66 kcal/g mole. 
j. The equilibrium pressure of sulfur dioxide above 
calcium oxide was also measured from chromatograms. 
The equilibrium values were in agreement with lit­
erature values of the sulfur dioxide partial pres­
sure above a calcium sulfate-sulfide-oxide mixture. 
High temperature X-ray diffraction measurements showed the 
following; 
a. Calcium sulfite, transformed to calcium sulfide 
o 
and calcium sulfate near 1250 P and the sulfite 
structure could not be detected above 1300°P. 
b. The low temperature form of pure calcium sulfate, 
P-insoluble anhydrite, is stable up to 2l6o°P but 
is not stable over 220^ °P. 
c. The high temperature form of pure calcium sulfate, 
o 
a-Insoluble anhydrite, is stable above 2175 P but 
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is not stable below 2135°F* 
c. The a-calcium sulfate structure is more symmetrical 
and more dense than the 3-structure. 
A discussion of polymorphism suggests the following; 
a. The P-calcium sulfate structure could be favored • 
by the presence of impurities. 
b. The a-calcium sulfate structure could be favored by 
partial decomposition. 
Preliminary studies of decomposition of dehydrated 
natural gypsum near equilibrium indicated the following; 
a. The thermal decomposition pressure initially 
•• •*' 
followed the higher of two previously reported 
curves but decreased with time and decomposition 
after an extended period at 2270°F. 
b. Reductive decomposition with carbon monoxide at 
2170°P was nearly quantitative producing 20 percent 
sulfur dioxide and leaving no calcium sulfide. The 
equilibrium of sulfur dioxide above calcium oxide 
suggests even higher concentrations can be attained 
when no excess reductants are present. 
A proposed reaction mechanism for the reductive decompo-. 
sltlon of calcium sulfate near 2200°? to yield sulfur 
dioxide and calcium oxide suggests the following; 
a. The initial rate of decomposition is controlled 
by the direct desorptlon of sulfur dioxide and for­
mation of calcium oxide nuclei in the presence of 
low concentrations of carbon monoxide and sulfur 
dioxide. 
b. The rate of decomposition increases after calcium 
oxide nuclei are formed because of rapid growth of 
nuclei and rapid desorption of sulfur dioxide and 
carbon dioxide on the surface of nuclei. 
c. The maximum rate of decomposition is controlled by 
the rate of diffusion of carbon monoxide to the 
calcium sulfate interface. 
A proposed reaction mechanism for the undesired production 
of calcium sulfide suggests the following: 
a. Adsorbed sulfur dioxide on calcium oxide is pro­
duced by partial reduction of calcium sulfate or by 
adsorption of sulfur dioxide from the gas phase. 
b. Adsorbed sulfur dioxide on calcium oxide can be 
reduced to adsorbed elemental sulfur. 
c. Adsorbed sulfur on calcium oxide can be reduced to 
calcium sulfide. 
d. Carbon dioxide can suppress sulfide formation by; 
• 1) displacing adsorbed sulfur dioxide and sulfur 
from the calcium oxide surface, and 2) by shifting 
the equilibrium to be less favorable for the re­
actions which produce sulfur and sulfide.^  
1# 
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APPENDIX 
Table 1?. Adsorption values of butane at before main 
adsorption determinations 
Column Column P A 
number packing mm Hg Micromoles/gram 
A CaSO 1. 4.52 .0.0341 
ft II 4 7.84 0.0568 
tt II 13.79 0.0968 ti II 
. 23.03 0.165 fi  II 33.03 • 0.227 ti  II 49.50 0.326 ft II 64.79 0.419 II II 104.55 0.615 II II 129.59 0.690 If II 171.14 0.833 
B II 7.03 0.0380 II II 14.78 0.0780 II 29.87 0.1485 ff II 62.92 0.297 II II 92.02 0.400 ft II 119.55 0.528 ti  II 148.30 0.556 
P II 7.20 0.0629 ft II 14.69 0.1190 
II II 29.82 • 0.2270 It II 58.82 0.4180 It II 116.60 0.7430 
D CaS 4.67 0.0798 ft II 9.82 0.162 II II 19.18 O.318 If II 40.05 0.620 It II 58.16 0.876 
" II 76.79 1.118 ff II 96.10 1.352 
G II 5.72 0.1126 ft II 11.50 0.2229 
-ft " 23.37 0.4219 ft II 45.74 0.8063 
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Table 1? (Continued) 
Column Column P A 
ft ft 
ft ft 
ft ft 
ft It 
ft It 
It ft 
ft It 
If fl 
If ft 
It fl 
fl If 
ff ft 
fl tf 
If fl 
tf ft 
number packing mm Hg Micromoles/gram 
G CaS 67.48 1.1585 
87.40 1.4541 
C CaO 6.21 0.0630 
13.12 0.122 
26.31 0.248 
52.02 • 0.407 
76.69 0.608 
99.49 0.670 
124.55 0.812 
E " 1.12 0.275 
ff tf 2.77 0.584 
5.75 1.069 
" " 13.64 2.191 
17.77 2.771 
22.02 3.312 
29.64 4.278 
35.80 4.880 
H " 4.87 0.0276 
9.54 0.0488 
19.07 0.0995 
38.92 0.2012 
" " 57.92 0.2685 
" " 76.97 0.3299 
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Table 18. Adsorption values of butane at 75°P after main 
adsorption determinations 
Column Column P A 
number packing mm Hg Mi oromole s/gram 
A CaSO^  7.82 O.O526 
" " 15.66 0.0839 
" " 32.92 0.1661 
" " 65.98 • 0.3332 
" " 98.09 0.4974 
" " 128.14 0.5828 
157.43 0.6710 II If 
B " 5.49 0.0652 
" " 12.78 0.116 
26.87 0.202 
55.22 0.309 
83.54 0.351 
115.11 0.374 
II It 
II If 
,11 ' II 
II It 
G CaS 5.13 0.1451 
" " 9.96 0.2771 
20.98 0.5511 
42,54 1.0171 
If If 
If II 
11 II 79.81 1.5991 
H CaO . 2.47 0.0948 
H " 5.66 0.1676 
" " 13.18 0.2834 
" " 29.59 0.4663 
" " 46.29 0.5630 
" " ,, 63.36 0.6060 
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Table 19. Isotherm constants for adsorption of sulfur dioxide 
on calcium sulfate 
Column Temperature Ao K ... 
number op n Micromoles/gram ° 
A . 413 0.75 1.64 0.0118 0.0570 
A 531 0.80 0 .86 Î 0.0135 0.0194 
A 757 0.87 1.20 0.0013 0.0033 
B 75 0.89 1.95 0.0400 0.1106 
B 188 0.81 1.39 0.0514 0.1276 
B 285 0.82 1.32 0.0319 0.0780 
B 423 0.79 1.20 0.0164 0.0467 
B 0.76 1.21 0.0034 0.0159 
B 663 0.75 0.89 0.0018 0.0076 
B 730 0.73 0.65 0.0020 0.0070 
B ' 858 0.67 0.37 0.0014 0.0047 
B 1022 0.70 0.46 .0018 .0055 
B 1226 0.64 Ô.31 0.0035 0.0084 
P 685 0.94 0.62 0.0033 0.0029 ' 
F 764 0.82 0.44 0.0041 0.0048 
P 1020 0.70 0.40 • 0.0022 0.0052 
Table 20. Adsorption values of sulfur dioxide on calcium 
sulfate (dehydrated gypsum) 
Column Temperature V A 
number op mm Hg Micromoles/gram 
A 413 0.105 0.0112 
A II 0.450 0.0298 
11 II 2.83 0.111 
II II 3.26 0.133 
II II 17.51 0.370 
II II 32.60 0.521 
II II 67.81 0.735 
II II 88.06 0.835 
II 531 2.74 0.0470 
II If 7.80 0.0940 
11 II 23.35 0.2314 
II II 64.44 0.4127 
II II 103.72 0.4902 
II II 148.27 0.6104 
II II 184.62 0.5630 
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Table 20 (Continued) 
Column Temperature p A 
number op mm Hg Micromoles/gram 
A 757 3.62 0.0108 
II It 24.84 0.0606 
II It 52.84 0.0947 
II It 79.45 0.1140 
II II 105.67 0.1415 
It II 
- 120.33 0.2014 
II It 186.51 0.2140 
II II 203.63 0.3213 
II If 235:26 0.3094 
B 75 0.63 0.0707 
M II 1.29 0.129 
II II 3.23 0.268 
It It 9.35 0.574 
It It 23.29 0.942 
II II 82.19" 1.447 
B 188 0.38 0.0586 
II II 1.27 0.135 
It It 4.61 0.328 
II It 6.15 0.377 
II II 8.00 0.460 
II II 14.69 0.631 
It It 23.01 0.760 
II II 30.38 0.825 
It It 90.94 1.078 . 
B 285 0.63 0.0457 
It It 16.52 0.478 
It It 29.41 0.677 
It It 45.03 0.770 
II It 59.96 0.849 
II It 149.82 1.011 
B 423 0.37 0.0216 
II II 
• 2.11 0.0744 
II II 8.29 0.197 
11 It 17.92 0.315 
It It 27.15 0.412 
It If 42.81 0.534 
It It 73.87 0.632 
It It 99.50 0.721 
It If 215.57 0.900 
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Table 20 (Continued) 
Column Temperature p A 
number • op mm Hg Mlcromoles/gram 
B 553 0.35 0.0071 
" " 4.16 0.0432 
" " 7.28 0.0721 
17.70 0.1190 
" " 54.58 0.2740 
"... " 128.67 0.4110 
•B • 730 0.57 0.0045 
" " 12.93 0.0420 
" " 22.52 • 0.0615 
" " 57.60 0.116 
" 131.20 0.175 
B 858 '0.23 0.0022 
1.10 0.0039 
" " 4.80 0..0108 
" " 27.79 0.0463 
" " 74.22 0.0899 
" " 164.37 0.0902 
B 1022 0.16 0.0019 
" " 4.99 0.0160 
" " 5.67 0.0180 
" " 20.04 o.o4ll 
" " 40.59 0.627 
" •• 134.46 0.124 
B 1226 0.57 0.00606 
" " 1.41 0.0102 
" " 4.14 0.0201 
" " 14.82 0.0401 
" " 19.35 0.0436 
" " 26.44 0.0534 
" " 77.47 0.0988 
F 685 7.46 0.0190 
P " 16.97 0.0389 
" " . 35.60 0.0738 
" ," 75.27 • 0.1296 
" " 115.23 0.1826 
" " 155.96 0.2186 
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Table 20 (Continued) 
Column Temperature p A 
number op mm Hg Micromoles/gram 
p 76k- 2.85 0.0114 
II 11 11.35 0.0340 
fl II 30.39 0.066. 
M It 72.39 0.109 
tl II 114.32 0.14? 
It 11 156.40 0.190 
F 1020 14.16 0.0413. 
It II 30.35 0.0641 
It It 
 ^ 73.50 0.0929 
It II 113.21 0.1291 
It It 163.84 0.1555 
Table 21. Isotherm constants for adsorption of carbon 
dioxide on calcium sulfide 
Column 
number 
Temperature 
n 
0 
mm Hg~^  0 op Micromoles/gram 
D 75 1.00 0.813 0.0042 0.0034 
D 270 0.96 0.3501 0.0044 0.0026 
D 523 0.85 0.1451 0.0429 0.0100 
D 708 0.46 0.319 0.0028 0.0242 
D 991 0.52 •0.172 2.365 0.2688 
D 1189 1.00 0.58 0.0702 0.0408 
D 1436 0.88 3.97 0.004 0.0308 
D • 1724 1.00 1.04 0.002 0.00226 
G 700 0.65 0,76 0.0021 0.0134 
G 950 0.50 0.215 2.756 0.3570 
G 1242 0.70 1.458 0.0104 0.0595 
G 146 0 1.00 0.941 0.0145 0.0136 
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Table 22. Adsorption values of carbon dioxide on calcium 
sulfide (reduced gypsum) 
Column 
number 
Temperature P A 
OJP mm Hg Micromoles/gram 
D 75. 4.62 0.0150 tf ft 9.85 0.0335 
D ff 21.05 0.0650 
tf It 43.31 0.1228 
If If 65.77 0.I805 
ff ft 89.51 0.2270 
ff ff 112.53 ' 0.2545 
ft 270 4.68 0.0136 
If ft 10.17 0.0269 
ff tf 21.09 0.0379 
ft tf 44.55 0.0613 
ft ft 
.  68.52 0.0919 
If tf 93.87 0.1400 
ft ft 11.8.74 0.1590 
It 523 1.10 0.00973 
It tf 6.53 0.0289 
tl " 14.53 0.0576 
ft ff 22.50 0.0673 
ft tl 57.41 0.0933 
II ft 95.81 0.1440 
ft It 134.21 0.1480 
ft It 175.10 0.1020 
D 708 0.07 0.0077 
ft ft 0.65 0.0185 
ft tf 1.45 0.0233 
ft tf 7.76 0.0547 
It 991 0.56 0.0978 
tf ft 1.63 0.1090 
" 
If 7.12 0.i4io 
ft 
. 1189 2.16 0.0804 
ff . If 4.58 0.140 
If ff 9.79 0.228 
ft ft 19.90 0.331 
If It 30.33 . 0.396 
ft It 44.36 0.457 
ft II 
.62.25 0.467 
ft 1436 1.72 0.0489 
ft If 3.79 0.0967 
Table 22 (Continued) 
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Column Temperature p A 
number °F mm Hg Micromoles/gram 
D 1436 8.23 0.191 
18.18 0.340 
" " 28.51 0.483 
39.57 0.578 
51.75 0.725 
" 1724 9.73 0.0222 
" II 19.24 o.o44o 
" " 38.83 0.0834 
" " 78.12 0.130 
" " 119.70 0.211 
" " 157.80 0.283 
" " 178.22 0.292 
G 700 1.56 0.0193 
" " 8.99 0.0509 
" " 20.77 0.0752 
" " 50.11 0.1582 
" " 82.46 0.1761 
" " 120.00 0.2184 
" 950 0.39 0.104 
" " 0.99 0.144 
" " 3.05 0.157 
" 1242 1.08 0.0707 
" " 1.86 0.0882 
" " 3.88 0.1228 
" . " 9.81 0.2160 
" " 14.33 0.3060 
" " 17.13 0.3800 
" • 1460 2.23 0.0283 
" 4.53 0.0575 
" 8.86 0.1110 
" 17.59 0.1944 
" " 34.24 0.3075 
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Table 23. Isotherm constants for adsorption of carbon 
dioxide on calcium oxide 
Column 
number 
Temperature 
n 
0^ K 
mm Hg~^  op Micromoles/gram 
C 1228 1 2.38 0.0597 0 .142 
C 1372 1 2.26 0.0115 0.0261 . 
C 1452 1 2.69 0.00285 0.00767 
C 1544 1 1.07 0.00415 0.00445 
C 1688 1 0.64 0.00461 0.00296 
C 1837 1 0.37 0.00592 0.00217 
E 1849 1 1.4 0.0218 0.0308 
E 1973 1 0.56 0.0041 0.0023 
E 2023 • 1 0.106 0.0093 0.00098 
H 1831 1 0.436 0.0181 0.0023 
H 1995 1 0.407 0.0633 0.00097 
Table 2^ . Adsorption values of carbon dioxide on calcium 
oxide (decomposed gypsum) 
Column Temperature p . A 
number °P mm Hg Micromoles/gram 
C 1228 0.89 0.125 
tf If 1.97 0.239 
11 If 3.74 0.431 
ff ft 6.30 . 2.08 
11 If 7.54 5.23 
fl 1372 3.47 0.088 
II II 7.39 0.175 
II If 14.61 0.328 
II II 25.04 0.616 
II II 31.25 1.750 
II fl 35.13 2.340 
If II 37.77 2.92 
It II 43.43 '5.84 
II fl 48.42 11.68 
If 1452 5.99 0.048 
fl U 12.81 0.092 
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Table 24 (Continued) 
Column 
number 
Temperature P A 
op mm Hg Micromoles/gram• 
C 1452 26.60 0.184 
ff II 54.88 0.359 
tf II 82.52 0.522 
II II 104.35 0.682 
II II 121.03 0.817 
II II 176.68 14.5 
II 11 188.24 29.0 
II 1544 5.83 0.0264 
II tl 12.18 0.0570 
II It 25.19 0.0980 
II II 52.78 0.177 
II tl 82.52 0.250 
II It 110.52 0.356 
II II 139.95 o.4o6 
II tl 434.45 29.2 
ft 1688 6.67 0.0184 
II It 13.36 0.0368 
II It 27.30 0.0740 
It " 56.87 0.137 
II It 87.28 0.181 
II II 117.22 0.228 
It II 149.73 0.258 
»t 1837 6.90 0.0134 
II tl 13.88 0.0284 
It It 28.63 0.0498 
It II 57.15 0.1004 
II tl 86.30 0.134 
II It 115.71 0.147 
It tl 145.93 0.162 
l6o 
Table 25. Adsorption values of carbon dioxide on calcium 
oxide (decomposed Iceland spar) 
Column Temperature p A 
number ' mm Hg Mi cromoles/gram 
E 1849 5.18 0.140 
II It 9.46 0.242 
II It 18.26 0.410 
II - It 34.69 0.594 
II It 49.83 0.708 
II If 64.57 0.818 
II It 79.48 0.896 
II 1973 24.55 0.056 
II If 48.40 0.088 
tl It 70.27 0.120 
If ft 94.24 0.154 
tl It 114.84 0.189 
II 2023 9.93 . 0.0069 
ft If 
• 21.24 • 0.0179 
If ft 42.22 0.0320 
ft II 86.49 0.0498 
II It 129.26 0.0653 
It It 172.62 0.0703 
II ft 211.45 0.0621 
H 1831 8.44 0.01485 
tl It 15.63 0.02575 
II II 32.63 0.05116 
II It 69.12 0.08065 
ft If 130.40 0.08479 
II 1995 9.55 0.0077 
It 18.54 0.0144 
" 
It 37.02 0.0240 
It ft 77.34 0.0335 
tl It 161.12 0.0452 
l6l 
Table 26. Isotherm constants for adsorption of sulfur 
dioxide on calcium oxide 
Column 
number 
Temperature 
n 
0^ K 
op Micromoles/gram mm Hg 
C 1837 0.80 0.74 0.090 0.109 
E . 1973 0.70 1.18 0.027 0.093 
E 2023 0.70 1.08 0.022 0.075 
E 2143 0.70 0.96 0.007 0.030 
H 1831 0.90 2.43 . 0.019 0.068 
H 1995 0.80 1.13 0.016 .. o.o4l 
H 2080 0.8a 1.39 0.007 0.026 
Table 27. Adsorption values of sulfur dioxide on calcium 
oxide (decomposed gypsum) 
Column Temperature p A 
number °F ; mm Hg Micromoles/gram 
0.044? 
0.193 
0.184 
0.392 
0.804 
29.1 
1837 0.36 
2.66 
3.01 
10.58 
14.78 
47.02 
162 
Table 28. Adsorption values of sulfur dioxide on calcium 
oxide (decomposed Iceland spar) 
Column Temperature p • A 
number "P mm Hg Micromoles/gram 
1973 0.4-5 0.067 
11 3.00 0.159 
If 13.69 0.369 
II 23.23 0.472 
2023 0.888 0.0737 
II 5.21 0.185 
tl 16.07 0.312 
If 33.43 0.514 
- If 54.87 0.698 
• If 111.02 1.226 
II 154.38 1.662 
If 252.00 18.3 
2143 0.77 0.027 
If 5.22 0.0938 
II 6.92 0.110 
If 27.96 0.218 
fl 64.57 0.322 
ff 89.55 0.422 
II 147.85 0.543 
If 730.00 2.700 
1831 3.31 0.1677 
fl 5.99 0.2731 
fl 8.25 0.3668 
ff 11.07 0.4973 
. II 12.83 0.6023 
If 15.2 18.8 
1993 0.69 0.0358 
If 
'  7.22 0.1446 
ff 14.51 0.2368 
fl 27.25 0.4171 
ff 47.63 0.7291 
II 68.74 1.021 
fl 115.06 18.8 
2080 13.77 0.1458 
II 39.29 0.3151 
II • 80.42 0.5364 
II 125.03 0.7916 
